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Abstract 
   In recent years, interest in fluid flow and transport in the unsaturated zone has gained 
more attention, due to growing concerns that the quality of the subsurface environment is 
adversely affected by agricultural, industrial, and municipal activities. The wettability properties 
(e.g., water repellency) of soil in the unsaturated zone play an important role in determining fluid 
movement and ultimate distributions. A number of studies have shown that preferential flow and 
spatially variable moisture content is likely to occur in water repellant soils.  
   Development of appropriate constitutive relations for numerical modeling becomes 
even more difficult in systems that contain water repellant soils. First, flow through fractionally-
wet systems often follows preferential flow paths. Preferential flow can result in fast and deep 
infiltration of water and may impact solute and colloid/virus transport and plant growth. Second, 
it is difficult to incorporate pore- and centimeter-scale processes that result in irregular water 
flow and distribution during and following drainage.  The resulting small-scale heterogeneities 
may impact subsequent infiltration and evaporation/volatilization processes. In this research, 
mm- and cm-scale capillary pressure–water content experiments and computed x-ray 
microtomography (CMT) were used to obtain quantitative data describing drainage and the 
irreducible water distribution in fractionally-wet systems.  
   The findings from this research showed that wettability and pore-size distribution 
affected the capillary pressure-water content relationship in uniform and well-graded sand. As 
expected, an increase in the fractional wettability caused a decrease in the air entry pressure for 
all the sands tested. As the fractionally wettability increased, the slope of the capillary pressure-
water content became steeper for the uniform sands and shallower for the well-graded sand. 
 xvii
Comparison of mm- and cm-scale drainage capillary pressure-water content experiments showed 
that columns designed for CMT experiments can be used for low values of fractional wettability 
(less than 25%).  
   CMT was successfully used to image the heterogeneous distribution of water during and 
following drainage; water content values obtained from the images when combined with the 
corresponding capillary pressure head values matched the laboratory experimental data. Finally, 
CMT was shown to be a highly effective technique to quantitatively characterize µm-scale grain, 
pore, and fluid properties.  
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Chapter 1 Introduction 
1.1 General 
The unsaturated zone that separates the soil surface from the groundwater plays an 
important role in the transport of pollutants and contaminants to the groundwater. Water flow 
and, by extension, contaminant fate and transport in the vadose zone depend on the hydraulic 
properties of the unsaturated media. Modeling of fluid flow through the unsaturated zone 
requires quantitative constitutive relationships that permit researchers to determine the 
distribution of fluids and contaminants in space and time. Better constitutive models are needed 
to understand the influence of various mechanisms involved in the fate-and-transport and to 
make predictions (Taron et al., 1984). 
  The fluid transport behavior in unsaturated soils is strongly related to pore geometry 
and size distribution, as well as the surface wettability of the porous media. The capillary 
pressure-water content relationship for drainage represents the relationship of the advancement 
of non-wetting fluid or the receding of wetting fluid in the porous media as the suction head is 
increased, whereas imbibition process represents the reverse process. Capillary pressure, which 
is a function of the fluid interfacial tension values and soil properties such as mineralogy, pore 
geometry (size, shape and connectivity) and grain size (Wildenschild et al., 2001), may be 
described in many conceptual and quantitative ways. The capillary pressure-water content 
function is the macroscopic constitutive relationship that incorporates the pore-scale phenomena 
and allows for the modeling of flow in unsaturated soil.  The curve is found by defining the 
degree of water content correspondent to a particular suction in the soil. Capillary pressure-water 
content and conductivity-water content relationships are typically determined from laboratory 
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experiments which only account for the pore space geometry and topology in a continuum 
sense..  Data from the experiments are usually described and fitted with empirical functions such 
as Van Genuchten (1980) and Brooks-Corey (1966).  
Transport of water in soils that have hydrophobic properties (also known as water 
repellent soils) can lead to irregular wetting and rapid leaching of surface-applied agricultural 
fertilizers. This will result in adverse and sometimes devastating effects on environmental quality 
and agricultural crop production (Ritsema et al., 2004). Water repellent soils may be more 
prevalent than is commonly acknowledged. Some researchers suggest that repellency is the 
norm, rather than the exception (Bauters et al., 1998 and Van Dam et al., 1999). The unstable 
flow in the unsaturated porous media will cause major uncertainties in the characterization of 
drainage in the vadose zone by inducing finger-like flow paths in soils with or without macro 
pores (Wang et al., 2004). The impact of wettability on fluid movements and distribution has 
been shown to effect capillary pressure-water content characteristics curves (e.g., Bradford et al., 
1996). 
The distribution of irreducible water is highly affected by the porous media sizes and 
shapes as well as the percentage of fractional wettability media in the system. Differing water 
configurations will have unique air-water interfacial areas and connected water volumes.  This, 
in turn, may impact processes such as evaporation, relative permeabilities, tensile strength, and 
the contaminant fate-and-transport.  
Releases of nonaqueous phase liquids (NAPLs) into the unsaturated zone are common.  
Site assessment and remediation are difficult due to the complex flow and distribution of the 
NAPL phase. These problems become even more complex in fractionally-wet systems where the 
wettability conditions may vary at the pore-scale. While conceptual and numerical models have 
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been used to study this problem, very little quantitative pore-scale data has been collected on 
these systems.  
Numerical modeling is an important tool for analyzing complex problems involving 
water flow and contaminant transport in the unsaturated zone. Richards' equation (1931) is 
typically used to model water flow through unsaturated porous media. Capillary pressure - water 
content and relative permeability are the two primary constitutive relations needed to model 
these systems. The two most common functions are the Van Genuchten (1980) and Brooks-
Corey (1966) equations. In this work, soil hydraulic parameters found from the capillary 
pressure-water content experiments will be used in the numerical modeling to gain some insight 
into the impact of wettability on drainage. 
1.2 Objectives of the Research 
 
The overall goal of this dissertation is to improve the understanding of water flow and 
distribution in unsaturated fractionally-wet porous media. Quantitative data was collected at the 
cm-, mm-, and µm-scale in systems with different grain sizes and distributions and wettability 
properties. These data are extremely useful in improving conceptual models of these systems as 
well as for model testing. In addition, this work provides some guidelines concerning the 
applicability of using mm-scale systems (necessary for high-resolution imaging) to investigate 
larger-scale drainage processes.   
 This research consists of five parts: 
1.  Measure the capillary pressure-water content under drainage conditions for different 
fractional wet systems and different sand gradations in cm- and mm-scale columns. Data from 
these experiments were fitted to both Van Genuchten and Brooks–Corey models. Results can be 
used to quantify the impact of fractional wettability and grain size distributions on capillary 
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pressure-water content drainage curves and to determine to what extent results from experiments 
conducted in mm-scale columns, necessary for high-resolution tomography experiments, are 
representative. 
2.  Acquire high-resolution images at various steps during drainage experiments. Images taken at 
successive capillary head-water content points provide qualitative insight into the flow of air and 
water during drainage in fractional-wet systems. 
3.  Acquire high-resolution images of irreducible water in various fractionally-wet glass beads 
and sand systems prepared by researchers at the University of Delaware. Quantitative analysis of 
these images provides insight into the granular packing, pore network structure, distribution of 
water, and the correlation of the water distribution with the pore structure. 
4.  Acquire high-resolution images of fractionally-wet porous media systems containing water, 
oil, and air under drainage conditions. Quantitative analysis of these images provides insight into 
the granular packing, pore network structure, distribution of the water, oil, and the air, and the 
correlation of the fluid phases with the pore structure.  
5.  Numerical simulations of drainage in fractional–wet systems. Richards’ equation is used to 
model one-dimensional water drainage using the capillary pressure–water content relationships 
determined in step 1.  Simulation results can be used to study the impact of varying wettability 
(through changes in capillary pressure-water content curves) on drainage. 
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Chapter 2 Literature Review 
2.1  Introduction 
 The unsaturated zone plays an important role in the transport of pollutants and 
contaminants to the groundwater. Flow in the unsaturated zone has increased importance in 
recent years because of the growing concern that the quality of the subsurface environment is 
being adversely affected by agricultural, industrial and municipal activities.  
 Wettability of the porous media is very important parameter in determining the fluid 
movements and distributions such that preferential and fast flow paths besides faster drainage 
and infiltration that occur in a soil of fractional wettability more than a completely water wet 
system media. This will cause failure to the models that account for the transmigration of 
pollutants and unable to predict the spatial and temporal variations of pesticides found in 
groundwater. Modeling of fractional wet systems in unsaturated porous media is important for 
many applications such as remediation of contaminated sites groundwater recharge, soil moisture 
storage, evaporation, colloid / bacteria / virus transport, and evapotranspiration. 
 Van Dam and Dekker (1990) found that preferential flow enhances the soil water 
movement while hysteresis retards the movement. Dekker and Ristema (1999) observed that 
contaminants and solutes can reach the groundwater more rapidly in fractional wet soils than for 
the homogeneous wetting soils. Bradford and Abriola (2001) pointed out that soil wettability and 
grain-size distribution characteristics can dramatically affect the residual wetting phase 
entrapped in fractional wet systems. 
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 Bradford and Leij (1996) showed that knowledge of the capillary pressure-water content 
relationships of the porous media is essential for multiphase flow and transport for research and 
management. 
 Van Genuchten (1980) provided a new and relatively simple equation for the capillary 
pressure-water content relationship. He pointed out three independent parameters can obtained 
by fitting the capillary pressure-water content relationship to the experimental data. The results 
obtained from his work showed that if the capillary pressure-water content relationship curve is 
very steep, this showed that the soil has a narrow pore size distribution and the capillary 
pressure-water content curve is flat (high value of the n parameter). In addition, the value of α 
(fitted parameter) was found to about the inverse of the pressure head at the capillary pressure-
water content becomes the steepest. 
2.2 Capillary Pressure 
 Capillary pressure (Pc) represents the pressure required to displace a given volume of one 
of the phases from a two-phase mixture in a porous medium. Pc is the pressure difference that 
occurs at an interface between two fluids (Bear, 1972). The Young-Laplace equation is:  
                          
2 cosc nw wP P P R
σ θ= − =                                                  (1)  
where Pnw is nonwetting phase pressure (Pair in air-water system), Pw is the wetting phase 
pressure (Pwater  in air-water system),σ  is the interfacial tension, R is the mean radius of the 
curvature at the interface ( )21 /1/1/2 RRR += , R1 and R2 are the principal radii of curvature in 
the two orthogonal planes and θ  is the contact angle which is an indicator of the wettability. The 
standard definition of capillary head is: 
 cc
Ph gρ=                                              (2) 
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where hc is the capillary head, ρ is the wetting phase density and g is the gravitation acceleration. 
Capillary pressure curves are typically obtained from using laboratory experiments using 
different techniques such as: 
 1.  The mercury injection method. Since mercury is a nonwetting fluid for the porous media, 
drainage capillary pressure curves can be generated. 
 2.  The porous plate method: the specimen is placed on a diaphragm wet by the fluid to be 
displaced from the specimen. The water content is determined from the pressure difference 
between the specimen ends. 
 3.  The centrifuge method: uses the concept of the pressure difference between the fluids results 
from the density difference. The capillary pressure is calculated from the centrifugal speed. 
2.3 Wettability  
 Wettability is the tendency of one fluid to spread or adhere to a solid surface in the 
presence of other immiscible fluids. It is a surface phenomenon, classically defined using the 
concept of contact angle (θ) which is the angle between the solid surface and the liquid-liquid, or 
liquid(1)-Liquid(2) interface, measured through the denser fluid. It is best described using 
Young’s Equation (3) and illustrated in Figure 1. Cosine of the contact angle is the ratio of the 
energy (or work) released in forming a unit area of interface between the solid (S) and the liquid 
(L2) to the energy (or work) required to form a unit area between the liquid (L2) and the fluid 
(L1) as: 
                  cos θ = 1 2
2 1
SL SL
L L
σ σ
σ
−                            (3) 
where σL1S is the interfacial tension between the liquid (L1) and the solid phase, σSL2 is the 
interfacial tension between the solid phase and the liquid phase and σL2L1 is the interfacial 
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tension between the liquid phase and the gas phase. The contact angle results from the balance of 
the interfacial tensions at the point the three phases are in contact. 
 
Figure 1. Interfacial tension between the solid surface (S), wetting phase (L2) and 
nonwetting phase (L1). 
 
If   1 2
2 1
SL SL
L L
σ σ
σ
−  >1 then no equilibrium will occur and the liquid L2 will spread over the surface. 
The product of the surface tension times the cosθ will be the adhesion tension, that determines 
which of the two fluids will be preferentially wet the solid and spread over it. If θ < 90o then the 
liquid (L2) is the wetting phase while if θ > 90o the liquid (L2) is called the non-wetting phase. 
Two types of wettability are involved in heterogeneous porous media: 
1.  Mixed wettability, where the solid particles are in direct contact with the hydrophobic-wet 
fluid that will change the physicochemical composition of the surfaces of the pore bodies/throats 
or some of them from hydrophobic to hydrophilic or the reverse. Mixed wettability is due to 
aging or long time exposure of the solid matrix of the porous media to the nonwetting fluid. The 
hydrophilic surfaces are distributed such that the nonwetting fluid will be in a continuous phase 
(Valvatine et al., 2004). 
2.  Fractional wettability, where part of the solid particles are hydrophobic while the remaining 
are hydrophilic-wet. The porous media system is said to be fractional-wet if a percentage of the 
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system composed of hydrophobic solids. The fraction of wettability will be according to that 
percentage (Bradford et al., 1996). 
  Fractional wettability has a strong influence on the behavior of transport and the residual 
of fluid phases within the void space this will influence the drainage - imbibition process. The 
more percentage hydrophobic porous media in the system, the lower the percentage of 
continuous paths of the wetting fluid phase which results in a lower percentage of wetting fluid 
flow subject to a certain constant value of  capillary pressure (Singhal et al., 1976). 
  Based on the literature data on surface wettability (Anderson, 1986) the following 
categories of contact angles were used as reference to describe the surface wettability: (i) water-
wet behavior: 0-70o (ii) neutral behavior or intermediate-wet: 70-110o and (iii) air/oil-wet 
behavior: 110-180o. The reported values show that an increase in the contact angle implies an 
increase in the surface oil-wet behavior, or alternatively, a decrease in the surface water-wet 
behavior (Anderson, 1986).  
  The hydrophobic pores (all the pore surfaces are hydrophobic) in the fractional wettability 
systems are uncorrelated to the pore sizes and the hydrophobic surfaces are not necessarily 
providing continuous paths for the nonwetting fluid. This phenomenon can be encountered in 
soils with a high organic matter content or solid surfaces coated with a material that will change 
its wettability (Singhal et al., 1976). Flow in fractional wet systems will lead to unstable flow 
and will cause major uncertainties in the characterization of drainage in the vadose zone by 
inducing finger-like flow paths (Figure 2). An unstable flow will create many problems for water 
and chemical management. For instance, fertilizers and pesticides can move quickly below the 
depth where they are acquired or needed. Chemical wastes can migrate much deeper than 
predicted, based on uniform flow (Wang et al., 2004). In one-dimensional experiments 
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conducted in narrow columns, fingers cannot be developed when there is insufficient cross-
sectional area. The finger diameter is affected by the flow rate and the soil properties as shown in 
Figure 2 (Wang et al., 2003). 
                                   
Figure 2. Fingering occurring in homogeneous soil in the Hele–Shaw experiments 
of Wang et al. (2003). 
 
 In order to describe a fingering process, the finger diameter and the finger area, the most 
important features of fingering, must be characterized. The finger diameter is influenced by flow 
rate, soil properties, relative permeability, and the water content. The finger diameter has been 
predicted reasonably, using equations introduced by Wang et al. (2003). The area the finger 
occupies is difficult to estimate, because it depends on the rate of the water supply from the 
matrix to the finger, as well as on the flux through the finger. 
 The water-entry value, wettability, and irreducible water values are used in many 
simulation models for predicting infiltration, identifying the onset of wetting front instability, 
and calculating the size and speed of fingered preferential flow. These properties affect the fluid 
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movements and distributions. Samples with a higher percentage of hydrophobic-wet sand have 
higher irreducible water saturations and lower water-entry values than samples with complete 
hydrophilic or water wet-surfaces media (Ritsema et al., 2004). 
Masalmeh (2001, 2002) studied the effect of wettability heterogeneity on the capillary 
pressure curves and relative permeability hysteresis. He found that as the pores or the solid 
particles become more hydrophobic-wet, the entry pressure value would be lower than in 
completely hydrophilic-wet porous media, in addition to higher wetting phase saturation 
entrapped in the porous media. Masalmeh (2001, 2002) found also that trapping oil or water 
depends on the wetting status of the porous media and the initial oil/water saturation correlation 
between the advancing and the receding contact angle hysteresis. Flow and distribution in 
fractional wettability system is different from completely water-wet systems. This can be shown 
in the schematic drawing in Figure 3. 
 
 
Figure 3. Schematic showing hypothetical distribution of air and water during the 
primary drainage path for water-wet and fractional-wet systems (Hwang 
et al., 2006). 
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2.4 Capillary Pressure – Water Content (Pc-Ө) 
2.4.1 (Pc-Ө) Relationship: 
 
The capillary pressure–water content or soil water retention relationship refers to the 
relationship between the amount of water in the soil and the pressure head or the energy that 
holds the water in the unsaturated zone. It is an indicator of the pore size distribution and the 
gradation of the porous media system. A porous media of uniform particle size distribution has a 
steeper capillary pressure–water content curve than the non-uniform porous media (Figure 4). 
This relation is typically determined from laboratory experiments and fitted with some empirical 
mathematical functions, such as Brooks-Corey (1966) and Van Genuchten (1980).  
P c
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Figure 4. Capillary pressure- saturation for a uniform and non-uniform sand from 
(Dullien, 1991) 
 
The capillary pressure–water content or saturation relationship initiates with a fully 
saturated soil sample, such as the wetting phase (water content is equal to saturation multiplied 
by the porosity). Drainage takes place when the nonwetting phase (air in air-water system) 
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begins to invade the porous media. If the drainage should progress until no spontaneous wetting 
phase (water in air-water system) is drained, the wetting phase will be represented as isolated 
pendular rings (Figure 5) and immobile thin films, called irreducible water content, θir. The 
throats within a pore system control drainage, whereas the pore bodies control imbibition 
(Wardlaw, 1988). 
Imbibition initiates when the wetting phase begins to invade the porous media; the 
wetting phase content then increases until it reaches an equilibrium value. Above this critical 
value, the saturation is called funicular saturation, as the flow of the wetting phase begins. 
Imbibition continues by decreasing capillary pressure to allow the wetting fluid to re-enter the 
porous media. The pore bodies control this process, because wetting fluid invades the smaller 
pore throats more easily than it does in the larger pore bodies. Because pore-body radii influence 
imbibition and pore throats control drainage, hysteresis between drainage and imbibition follows 
naturally from the size differences between pore bodies and pore throats (Dullien, 1991). 
Hysteresis is also due to:  
1.  The ink-bottle effect, which results from the shape of the pore space. 
2.  The raindrop effect, because the contact angle at the advancing of a water-air interface on a 
solid surface is larger than the one at the receding. 
3.  The existence of impurities, which influence surface properties of the soil particles.  
4.  The entrapment of air. 
5.  Consolidation, swelling, together with the shrinkage of the solid matrix as it is dried and re-
wetted, contribute to the hysteresis─especially in fine, unconsolidated, porous media (Dullien, 
1979). 
 14
  Leverett et al.(1941) developed a semi-empirical relationship between the capillary 
pressures and water content for unconsolidated sands of various permeability and porosities. He 
found that the capillary pressure depends on whether the soil is under drainage or imbibition 
conditions. 
 
 
Figure 5.  Immobile wetting phase saturation in the form of pendular rings. 
 
 
2.4.2 Capillary Pressure – Water Content Equations 
Typically, the capillary pressure is correlated to the volumetric water content (θ), 
normalized with respect to the difference between the residual water content (θir) and the fully 
saturated water content (θs) as indicated by Van Genuchten (1980):  
( ) /( )ir s irθ θ θ θΘ = − −                                                          (4) 
where Θ is the effective water content. 
The Van Genuchten model for the capillary pressure head effective water content as indicated by 
Van Genuchten (1980):  
 
c
1
1 [ h ]
m
nα
⎡ ⎤Θ = ⎢ ⎥+⎣ ⎦
                                                  (5) 
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where α, m and n are fitting parameters to account for the air entry value and pore size 
distribution of the porous media, in most cases m=1-1/n. The Brooks-Corey model is a power 
law, which defined by Van Genuchten (1980) is: 
λ−
⎟⎟⎠
⎞
⎜⎜⎝
⎛=Θ
b
c
h
h    when bc hh ≥  and   1=Θ  when  bc hh ≤                             (6) 
where hb is the bubbling pressure and λ is the soil characteristic index parameter. From 
Equations 4, 5, and 6 the water content of the drained soil for Brooks-Corey model will be: 
                         ( ) ( )( )ch /r s ir bh λθ θ θ θ −⎡ ⎤= + −⎢ ⎥⎣ ⎦                                                            (7) 
Combining Equations 4 and 5 results in the Van Genuchten model for capillary pressure-
water content during drainage: 
( ) ( )( )c/ 1 h dd mnr s ir dθ θ θ θ α⎡ ⎤= + − +⎢ ⎥⎣ ⎦                                            (9) 
where subscript d  refers to the drainage process. 
Several methods are used to determine the capillary pressure-water content relation 
including pressure cell, sandbox apparatus, pressure membrane, suction cell, and centrifugal. In 
all these experimental methods, there is no account for the testing soil column length in those 
experiments that may lead to a certain error in measuring the actual saturation in each part (or 
layer) of the soil column.  
Schroth et al. (1996) developed a technique that accounts for the influence of soil column 
length on the capillary pressure–water content relationship by dividing the column into 
multilayers. For each increment (i ) of capillary pressure head difference, the water drained from 
the soil column is cumulative of the water drained of each layer (Vw,i) and the volumetric water 
content (θi) for the whole column: 
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                    ,( ) /i t w i tV V Vθ φ= −                                                             (8) 
where φ  is the porosity of the porous medium and Vt is the total volume of the soil sample.  
2.4.2.1 Van Genuchten Model Developed by Schroth et al. (1996) 
 
  Dividing a column (Figure 6) into J number of layers to account for the column length as 
described by Schroth et al. (1996), and combining Equations 4, 8 and 9 to get the cumulative 
volume of the water drained from each layer in the column as 
, ,
1 1 c
1 ( )
1 [ (h )]
d
d
m
L L
w i w j t s ir irn
j j d i j
V V V
d
φ θ θ θα= =
⎛ ⎞⎡ ⎤⎜ ⎟= = − − −⎢ ⎥⎜ ⎟+ −⎢ ⎥⎣ ⎦⎝ ⎠
∑ ∑                         (10) 
 
 
Figure 6. Numerical subdivision of the soil column with the approximate water 
content distribution using numerical correction method developed by 
Schroth, (1996). 
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If hc,i –dj < 0 then Vw,j = 0.  where dj is the distance from the top of the water level supply to the 
center of layer j , and L is the total length of the column, while J indicates the number of layers. 
For the imbibition process, the experiment will start at the point where the drainage 
experiment ends. Therefore the initial volumetric water content, θ, is the irreducible volumetric 
water content (θir ). Subsequently, the water content value will increase according to the amount 
of water imbibed into the soil as: 
                                      wir
t
V
V
θ θ= +                                                                    (11) 
The equation for the imbibition saturation is the same as for the drainage process. 
Combining Equations 4, 9, and 11 will give the general equation for the volume of water 
imbibed in the porous media as: 
( )
( )1 c1 (h ) ii
L
s ir
w t mnj
i i j
V V
d
θ θ
α=
⎡ ⎤⎢ ⎥−= ⎢ ⎥⎢ ⎥⎡ ⎤+ −⎣ ⎦⎣ ⎦
∑                                                  (12) 
where subscript i  refers to the imbibition process. 
The hydraulic properties of the soil for the Van Genuchten model, αd, nd and md i, are 
determined from the best-fit curve by comparing the drainage data measured from the 
experiments with the calculated cumulative volumes of the water drained, using Equation 10. For 
imbibition experiments, the measured cumulative water imbibed into the soil will be compared 
with the calculated values using Equation 12 to find αi, ni and mi parameters which will give the 
best-fit to the Van Genuchten model. The minimum of the sum of square difference method is 
used to get the best-fit parameters involved in the model as: 
    
2
, ,
1
min( ( )
K
w measured w predicted
i
V V
=
−∑                                                 (13) 
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2.4.2.2 Brooks - Corey Model Developed by Schroth et al. (1996) 
 
The same procedure used to find Van Genuchten model can be used for the Brooks–
Corey model: 
,
1 ,
( )
d
d
L
b
w iDrained t s ir ir
j c i j
h
V V
h d
λ
φ θ θ θ
=
⎛ ⎞⎛ ⎞⎜ ⎟= − − −⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠
∑                                   (14)       
                      
The cumulative water drained from the column using Equation 14 is compared with 
measured values to find the bubbling pressure (hb) and the soil characteristic index parameter (λ). 
Combining Equations 7 and 11 will lead to the general equation for the volume imbibed into the 
soil (Equation 15). In order to get the best-fit parameters for the experimental data, the minimum 
of the sum of square difference is used (Equation 13). 
( )( )1 c(h ) / i
L
s ir
w t
j
i j b
V V
d h
λ
θ θ
−=
⎡ ⎤−⎢ ⎥= ⎢ ⎥⎡ ⎤−⎢ ⎥⎣ ⎦⎣ ⎦
∑                                                     (15) 
Comparing the Van Genuchten model with the Brooks-Corey model, it should be noted 
that the bubbling pressure (air entry value) has a definite value and is more clarified in the 
Brooks-Corey model than in the Van Genuchten model. An air entry value is the point at which 
the nonwetting phase starts to enter the sand pore space in the drainage experiments, and where 
the capillary head-water content curve begins to decline. There are also some differences in the 
water content value for both models for the same capillary head value (Figure 7).  
 19
0
5
10
15
20
25
30
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Water Content
C
ap
ill
ar
y 
H
ea
d 
(c
m
) Brooks-Corey model
Van Gunchen Model
hb
 
Figure 7. Experimental capillary pressure-water content relationships for both 
Van Genuchten and Brooks-Corey models. 
 
 
 Schroth et al. (1996) used the corrected equations for both the Van Genuchten and Brooks-
Corey models to characterize samples of different sand grades.  This approach would facilitate 
the use of these models in laboratory flow and transport studies for physical properties, chemical 
composition, etc. Using the corrected equations illustrated that 70% of the potential errors were 
eliminated without prior analysis. 
Bradford et al. (1995, 1996) developed approaches for predicting and modeling two-fluid 
and three-fluid capillary pressure-water content relationships in fractional wettability systems. 
O’Carroll (2005) presented a new two-phase capillary pressure-water content model to predict 
primary drainage and imbibition relationships in fractional wettability systems (water-wet, 
intermediate-wet, and organic-wet) of uniform and mixed (not uniform), graded sand sizes. 
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2.5 Relative Permeability 
When two or more immiscible fluids are present in porous media systems, the cross-
sectional area available for the fluid flow will be less than the total cross-sectional area of the 
pore space. The ratio of the intrinsic permeability of the fluid to the total intrinsic permeability of 
the porous media is called relative permeability. The ratio represents an important parameter in 
describing multiphase flow in unsaturated porous media.  
It is well known that the relative permeability varies as a function of water content in the 
unsaturated soils (e.g., Figure 8). Several factors are responsible for this behavior in the 
drainage-imbibition process: 
1.  The larger pores will empty first, since they are less resistive to flow and have larger 
diameters. 
2.  Flow paths will increase in length, since they must avoid all the empty pores.  
3.  Smaller cross-sectional flow area is at low content, since the fluid must pass through a smaller 
portion of the total area. 
 
 
Figure 8.  Relative permeability for water. 
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Darcy's law described one-dimensional uniform fluid movement in a partially saturated 
porous media as: 
       ( / )q k Pµ= − ∇                                                           (19) 
where q is the flux (flow/area), µ  is the viscosity, k is the porous media permeability, and P is the 
total pressure head. Using Darcy’s law, the relative permeability ( ,r ik ) for any phase i can be 
calculated as:  
      , i ir i
qk
k H
µ= ∇                                                               (20) 
2.5.1 Brooks-Corey Relative Permeability Equations 
The results obtained from capillary pressure–water content experiments will supply the 
parameters needed for the relative permeability relationship. The Brooks–Corey relationship for 
the relative permeability as indicated by Van Genuchten (19980) is: 
2 3
( ) ir
s ir
k
λθ θθ θ θ
+⎛ ⎞−= ⎜ ⎟−⎝ ⎠
                      For h < hb                                (22)     
 
       kk =)(θ                                    For h > hb                                (23) 
2.5.2 Van Genuchten Relative Permeability Equations 
The Van Genuchten relative permeability equation, as indicated by Van Genuchten 
(1980) is as follows: 
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where m = 1 – 1/n with n >1. 
2.6 Richard's Equation 
The flow in unsaturated porous media is defined according to Richard's equation (1931): 
.( ( ) )K H
t
δθ θδ = ∇ ∇                                          (25) 
where H is the total potential head which equals the sum of the gravity head (h) and pressure 
head (z) or H= h + z. Then we can write Richards’ equation as: 
[ ] ( ). ( ) KK h
t z
δθ δ θθδ δ= ∇ ∇ +                                       (26) 
To solve Richard’s equation, one needs constitutive relationships between the capillary 
pressure-water content and the relative permeability-water content. Numerical modeling is used 
to solve for Richard’s equation.  The Hydrus-1D version 3.0 (Simunek and van Genuchten, 
1998) software is a package that simulates the one-dimensional movement of water, heat, and 
multiple solutes in variably saturated media; the software may be used to solve Richard’s 
Equation 26 for one-dimensional vertical water movement. The commercial package utilizes a 
finite element method for simulating the one-dimensional movement of water and solute in 
variably saturated media (Simunek and van Genuchten, 1998). 
2.7  Three-Phase Flow 
 
Macroscopic laws normally describe a two-phase flow (Dullien, 1979). When capillary 
forces become important to other forces involving viscosity and gravity, such macroscopic laws 
fail to account for some effects: imbibition in fissured reservoirs, recovery of residual oil, etc. In 
order to describe these capillary mechanisms, a microscopic approach must be used (Lenormand 
et al., 1983). Three-phase capillary pressure curves are necessary to model gas-oil and oil-water 
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transition zone movements in the porous media. Three-phase capillary pressure curves were 
traditionally predicted from corresponding two-phase measurements. However, experimental 
work has shown that this practice may not be valid (Bradford and Leij, 1995).  Moreover, 
micromodel studies of the three-phase flow indicated that the fluid distribution and displacement 
mechanisms at the pore scale may be more complex than for two phases (Keller et al., 1997).  
These findings emphasize the need for measurements of three-phase, capillary pressure curves 
for various wettability conditions and different types of porous media. 
Al-Futaisi et al. (2004) indicated that understanding NAPL migration in the air- and 
water-saturated zones is important in contamination management projects. The spatial 
distribution of sediment wettability and the extent of wettability alteration of individual pores 
influence the two-phase flow characteristics. 
Bradford et al. (1999) presented soil column entrapment data for tetrachloroethylene 
(PCE) in soils represent a range of grain size and fractional wettability characteristics. Organic 
entrapment rates were found to depend strongly on wettability and grain size distribution. 
Flow in a multiphase system is related to pore size and to fluid properties, as well as to an 
aspect ratio. The emptying of a pore is favored by small size, small aspect ratio, and fewer 
connected throats (Wardlaw, 1988). O’Carroll (1996) found that if the contact angle of the oil on 
a solid surface was constant, the ease of removal was inversely proportional to the interfacial 
tension between the oil and the surfactant solution. Thus, knowledge of the contact angle and 
oil/surfactant solution interfacial tension can help to predict the relative capabilities of surfactant 
solutions to displace oils from solid surfaces.  
Accurate monitoring of flow in fractional wettability porous media, which can occur 
when nonaqueous phase liquids (NAPLs) flow through the porous media, is an important 
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component of predicting the transport and outcome of these compounds in the subsurface. In 
particular, flow situations in which three mobile phases (such as water, NAPL and air) exist in 
the porous media are naturally complex (DiCarlo et al., 1997). 
In a three-phase flow, there are an infinite numbers of possible displacement paths 
because of two independent saturations of oil and water and the correlation parameters.  In 
general, the dual saturations and correlation parameters depend on the pore network, the 
saturation history, the displacement path, the interfacial tensions, and the wettability. Helland et 
al. (2004) provided 27 different scenarios of what may occur in a three-phase system of oil, 
water, and air.  
The effect of wettability on the three-phase flow may be understood according to the 
following scenarios: 
 1.  Water-wet porous media:  Water is the wetting phase; oil is the intermediate wetting phase; 
and gas is the nonwetting phase; where the contact angles for all the oil-water, gas-oil and gas-
water are less than 90o. 
2.  Weakly oil-wet porous media: Oil is the wetting phase; water is the intermediate wetting 
phase; and gas is the nonwetting phase.  Contact angles will satisfy the following criteria: The 
oil-water contact angle is larger than 90o; oil-water contact angle is less than 90o; and gas-water 
contact angle is less than 90o. 
3.  Strongly oil-wet porous media: Oil is the wetting phase; gas is the intermediate wetting phase; 
and water is the nonwetting phase. The contact angles satisfy the following criteria: The oil-
water contact angle is greater than 90o; gas-oil contact angle is less than 90o ; and gas-water 
contact angle is greater than 90o (Helland et al., 2004). 
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Chatzis et al. (1983) indicated that as the NAPL migrates in the unsaturated zone, capillary 
forces either act to retain a residual portion of the mass as ganglia in the center of the pore space, 
or act as films coating NAPL-wet solids. In soil column experiments, entrapped residual NAPL 
saturations typically ranged from 5 to 35% of the pore space (Wilson et al., 1990 and Powers et 
al. 1992). 
2.8 Computed Micro-Tomography (CMT) Fundamentals: 
CMT has proven to be an extremely useful tool for tracking changes in fluid saturation. 
However, simulation of fluid flow processes on the micro-scale is needed to have a thorough 
understanding of multi-phase flow and transport in porous media. The macro-scale, macro-pore, 
and preferential flow are important mechanisms for accelerated breakthrough of contaminants. 
However, to understand fully the significance of irreducible wetting/residual nonwetting fluids in 
the soils, as well as dispersion and diffusion processes, it becomes increasingly clear that pore-
scale measurements are needed. Pore-scale measurements are being developed, so that 
fundamental processes of flow and transport may be studied at pertinent micro-scale range 
(Wildenschild et al., 2001). 
CMT is a non-destructive image technique which involves using high attenuation x-ray 
energies to examine the internal structure of an object. A three-dimensional image was obtained 
by reconstruction of the cross-section images of the projections from different angles (Figure 9). 
This technique depends on measuring the penetrating x-ray attenuation energy of the sample. 
The x-ray attenuation (I) depends on the density of the material (D) and the energy of the x-ray 
(I0) and is given by Lambert-Beer’s law as follows: 
 )exp(0 DII µ−=                                                                 (16) 
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where µ is the material linear attenuation coefficient [L-1]. For a porous medium consisting of 
solid, gas, and water phases, Equation 16 can be written as: 
( )[ ]( )DSDII WWWss ρµφρµφ +−−= 1exp0                                       (17) 
where subscripts s and w  denote solid and water, respectively;  ρ is the density, φ is the 
porosity, and SW is the water saturation. Equation 17 assumes that attenuation of the gaseous air 
phase is negligible. The linear attenuation coefficients for various object components are 
obtained by multiplying mass attenuation coefficients [L2 M-1] by mass density [ML -3]. The 
mass attenuation coefficients may be obtained from standard tables (NIST, 2006).  
It is important to distinguish between objects that have a small contrast difference (e.g., 
air and water) in image analysis, called contrast resolution.  These required high-resolution 
images enable us to distinguish between different types of phases involved in the image. This can 
be achieved also by adding a dopant and taking the image scanning at two energy levels─one 
below the peak value of the dopant fluid and the second above the dopant attenuation value for 
the same sections scanned. 
A combination of experimental techniques and mathematical analysis makes it possible 
to characterize phase distribution and pore geometry in porous media, using non-destructive 
CMT. The ability to quantify phase interfaces using a non-destructive technique and the ability 
to acquire images for the pore-scale processes enable evaluation of  recent theoretical and 
numerical model developments─ in particular, Lattice–Boltzmann models and 3D network 
models, which depend on the detailed information about the geometry of the porous medium 
(Wildenschild et al., 2002). 
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Figure 9. Conceptual diagram illustrating the principles of a typical conventional 
microtomography setup (beamline setup at GSECARS, Sector 13, 
Advanced Photon Source, Argonne National Laboratory, Wildenschild, 
2002). 
 
 
2.9 Representative Elemental Volume (REV) 
 The physical property of the soil, especially at the micro-pore level, is influenced by the 
size of the sample. A REV is the smallest volume such that soil properties and behavior represent 
the original porous media based on averaged local properties, such as porosity and pore structure 
(Figure 10). Clausnitzer and Hopmans (1999) and Al-Raoush and Willson (2005) suggested that 
the ratio of the column width to the mean particle size dimension (d50) must be at least 5.15 to 
satisfy porosity REV. 
REV is required for the image size to be scanned as shown in Figure 10. The size of 
image must be representative of the whole experimental column size in a way that the grain-size 
and porosity distribution, in addition to the porosity for the image, must comply with what was 
obtained for the whole experimental column. Figure 10 shows a REV for the scanned glass beads 
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(Clausnitzer and Hopmans, 1999). The column walls must not have any effect on the fluid flow 
during the experiments. This can be assured by maintaining the ratio of the column width to the 
mean particle size diameter (d50) to be more than 10 as indicated by Dullien (1991).  
 
 
 
Figure 10. Representative Elementary Volume (REV) of glass beads (Clausnitzer 
et al., 1999) 
 
 
 
2.10  Image Segmentation 
 
Image segment is the next step in image analysis. Segmentation is the process of 
converting the gray scale image to a binary image by identifying two populations in the image, 
based on their intensity values. The segmentation procedure used in this research is the indicator 
kriging method (Oh and Lindquist, 1999) in which the x-ray attenuation value of the voxel, or 
the volume element, is estimated by a linear combination of measured attenuation values that are 
correlated spatially. The estimation is required to be unbiased to minimize the variance error. 
This leads to a constrained, minimization problem. Indicator kriging gives the probability of the 
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random variable, greater than some threshold value, then indicates the possible phase (solid, air 
or water) at that point (Seright et al., 2004). 
The simplest segmentation technique is to use one threshold value for the entire system 
(called simple segmentation); below this value, the voxels are assigned to one phase and the rest 
assigned to the other phase. However, this technique will result in phase misidentification, due to 
the resolution and the image noise. A better segmentation technique is based on the indicator 
kriging approach. Oh and Lindquist (1999) described the indicator kriging approach, based on 
two intensity values; T1 and T2. The first phase has intensity values below T1, and the other 
phase has intensity values above T2 (Figure 11). Values between T1 and T2 are assigned using 
the maximum likelihood estimated method for each phase, based on the two-point correlation 
function.  
Computations related to the particle size are affected by the geometric parameters used to 
interpret particle size and shape. Different techniques for measuring the size distributions of 
solids are sensitive to different solid parameters, such as particle mass, surfaces area, or even the 
aspect ratio. Thompson et al. (2006) described the method and the algorithms used in this work. 
Figure 12a is the scanned image for the Accusand of 20/30 mesh for the fractional 
wettability experiment of 25% OTS above the iodide attenuation edge value in which air is one 
phase and the other phase is (solid and water). Figure 12b is the same as the previously scanned 
image, but below the iodide peak value in which solid phase is one phase and the other phase is 
water and air. The result of subtracting both segmented Figures 13a and 13b will give the water 
as one phase (Figure 13c). 
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Figure 11.  Example of threshold values used in the image analysis for the assigned 
sections. Indicator Kriging segmentation is used based on these values. 
 
 
 
                         (a)                                           (b)                                          (c) 
     
        Above                      Below                       Difference 
Figure 12.  The scanned image for Accusand for the fractional wettability of 25 % 
OTS (a) above the iodide peak, (b) below the iodide peak (c) the 
difference between a and b. 
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The lower cutoff (T1) and the higher cutoff (T2) will be tested to give the porosity values 
for the section chosen from Figure 12 and compare it with the experimental porosity value. The 
best image assigned will be according to the appropriate values of threshold (T1 and T2).  
Table 1 shows the size and the peak values for the image scanned for the 25% OTS 
drainage experiment for Accusand of 20/30 mesh at the residual level. The peak values 1, 2 and 
3 represent 1) the first higher peak value, 2) the minimum peak value in-between, and 3) the 
second highest peak value for the image scanned where NS and NZS are the image sizes. 
 
Table 1: Size and peak values for the 25% OTS wet drainage experiment scanned 
at the residual level for Ottawa sand of 20/30 mesh. 
 
    PEAKS  
IMAGE NS NZS 1 2 3 
Above 325 400 58 62 71 
Below 325 400 67 71 80 
Difference 325 400 131 - - 
 
Figure 13a and b represent the 3-D images for the same section for the 25% OTS 
fractional wettability experimental column with slowly drainage process. The scanning images 
were taken above and below the iodide peak attenuation value, respectively. Figure 13c is the 
segmented image for both the scanning images for the same experiment and the same section of 
the column showing the three different phases involved; air, water and solids. 
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(a)                                           (b)                                              (c) 
Figure 13.X-ray scanning image for 25% OTS fractional wettability with slowly 
drainage process experiment (a) above the iodide peak, (b) below the 
iodide peak and (c) the segmented image using the cutoff values T1=71 
and T2=79 showing the three phases; air, water and solids. 
  
2.11 Pore Network Structure 
 
Determining the pore network structure properties will be the next step. Celia et al. 
(1995) indicated that network models offer a systematic approach toward developing improved 
parametric relationships, estimating NAPL ganglia sizes and shapes, estimating interfacial areas, 
and evaluating alternative methods of simulating multiphase flow and NAPL dissolution.  
Network structure properties include pore body and pore throat distribution, locations of 
the pore bodies and pore throats, and spatial correlation between the pore-pore and throat-throat, 
in addition to the pore-throat aspect ratio. Aspects of ratio and pore-to-pore size correlation are 
the most important factors in determining the behavior of the multiphase fluid systems as 
indicated by Jerauld and Salter (1990). Porosity can be found from the binary-segmented images 
by calculating the voxels that account for the pore space in the image volume. Surface area can 
be calculated by counting the voxels that interface between the pore space phase and the solid 
phase. 
Advances in high-resolution, 3-D tomography have enabled researchers to study the 
porous media of different wettability systems and different sand gradations, or to study the 
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porous media of different wettability systems and different sand gradations, in addition to 
extracting the pore network properties (e.g., Al-Raoush and Willson, 2003; Lindquist and Lee, 
1996;  Lindquist, 1999 and Wildenschild et al., 2001). 
Brusseau et al. (2007), in measurements of interfacial areas with x-ray microtomography 
and interfacial partitioning tracer test experiments, indicated that total air-water, interfacial areas 
increase with the decreasing of water saturation.  Imaging methods are used to examine the 
structure of the porous media, as well as distribution of the fluids. However, these methods were 
insufficient to determine the fluid-fluid interfacial areas, due to the resolution of the images. 
Thompson et al. (2006) described a new algorithm to describe the pore network structure 
of a porous media from 3-D image. The outcome of the algorithm enabled computation of the 
particle grain properties, pore data analysis and fluid distribution analysis from the x-ray images. 
A detailed discussion of the physics and predictive capabilities of the various types of models 
was presented by Blunt (2001). 
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Chapter 3 Experiments 
3.1   Drainage Experiments 
3.1.1 Drainage Governing Equations  
The corrected capillary pressure–water content equations that account for the column 
length, as developed by Schroth et al. (1996), were used in this research to find the Van 
Genuchten and Brooks-Corey model parameters. The Van Genuchten equations, used for water 
content and the volume drained, were Equations 9 and 10, respectively. The Brooks-Corey 
equations, used for volume drained and the water content in the drainage experiments, were 
Equations 14 and 8, respectively. The best-fit values for the soil parameters may be obtained by 
fitting the calculated volume equation to the volumes from the measured experiments. 
Significant differences were obtained when using a low number of layers, i.e., 1-7, while no 
differences were found when using a higher number of layers. The number of layers used for all 
the experiments in the calculations included 40 layers, so that the column length would have no 
effects on the fitted parameters.  
The results found from this work may be compared with those found in the literature, 
e.g., Schroth et al. (1996), Bradford et al. (1995, 2003), and Seright et al. (2004) for the same 
types of porous media, wettability, and soil gradations.  
3.1.2 Experimental Columns 
 
Different column sizes were used to perform the capillary pressure–water content 
experiments: 
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1.   Large columns of 50 mm inside diameter (ID) and 130-500 mm in length (Figure 14b), 
[LC(sand gradation)-%wettability-experiment #] columns. 
2.  Tomographic columns of 5 mm ID and 100 mm L (Figure 14a) [TC(sand gradation)-
%wettability-experiment #] columns. 
3.  Aluminum Columns of 5 mm ID with different lengths were used to conduct x-ray CMT 
[TC(sand gradation)-%wettability-experiment #] columns. 
The schematic diagram for the experiments is shown in Figure 15. The outlet tube 
connected to the column is used as storage for the volume drained. The outlet inside diameter 
tube used for the tomographic columns is 2 mm; and for the big columns, the inside diameter 
tubes are 5 – 10 mm, depending on the experiment. The accuracy of measuring the volume 
drained in the tomographic column is up to a fraction of mm (or fraction of 0.01 cm3 of volume), 
while the accuracy of measuring the volume drained in the large columns is up to 1 mm (or 
fraction of 0.05 cm3 of volume), depending on the tube used. Before conducting the drainage 
measurements, the water level was calibrated with the free surface elevation at the top of the 
sand surface.  
A high entry pressure membrane of 60-120cm bubbling pressure was used in all the 
experiments manufactured by Soil Measurement Systems Filter membranes. The end plates used 
in the experiments were porous cups, and at both ends of the column experiments of low air 
entry value (~0 cm air entry value) were applied in order not to affect the air entry value for the 
porous media used in the experiments. A drop of paraffin was used at the top of the water level 
in the outlet tube and at the top of the column to prevent water evaporation during the 
experiment. The OTS (Octadecyl Trichoro Silane), used to coat the sand grains to change their 
wettability, were ordered from MP Biomedicals Incorporation. 
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(a)      (b)                                             
Figure 14. (a) Picture of the tomographic aluminum column used in the lab and in 
CAMD (ID= 0.5 cm and L=9–13 cm). (b) Picture of the large plastic 
column, ID=5 cm and L=13–46 cm. 
 
 
 
Figure 15. Experimental soil column apparatus used in the capillary pressure-
water content experiments, with different sizes of columns and 
different wettabilities of porous media. 
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3.13 Fluids Used in Experiments  
The fluid used in the drainage experiments was 6% CsCl doped water, while the fluid 
used in the three-phase flow experiments were 10% CsCl doped water and iodosoltrol. The 
absorption energy level for the Cesium is 35.98 keV as shown in Figure 16. An energy level of 
35.3 keV, below the peak absorption energy for Cesium, and 36.8 keV, above the peak 
absorption energy for Cesium, were used for column scanning at an image resolution of 9 
microns for all the 20/30 sand experiments images.  Additionally, an energy level of 35.3 keV, 
below the peak absorption energy for Cesium for the 40/60 sand, was used with 9 microns 
resolution. The 40/60 sand experiments images were performed only below the CsCl absorption 
edge. 
The absorption edge for the Iodosoltrol is about 32 kev. The images that were taken 
above the absorption edge of each fluid will give more brightness to that fluid. This will lead to 
an ease in the thresholding and segmentation processes. The image taken below the Cs and the I 
will result in showing a solid as one phase and the rest as another phase, while the image that 
were taken above I and below Cs will give more contrast to I. 
After the first scan image was taken, the sample was rotated a 0.5 degree until it reached 
180 degrees then the sample was rotated from 180 degree, and back to 0 again. The process 
produced 720 2-D slices of the sample.  
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Figure 16. The mass energy-absorption coefficient, as a function of photon energy 
for Cesium (NIST, 2006). 
 
3.1.4 Porous Media  
The porous media employed in these experiments was Accusand (Ottawa) of 20/30, 
40/60 mesh (Unimin Corp., Le Sueur, MN), subjected to an extensive characterization according 
to Schroth (1996) and well-graded Accusand (Ottawa) of 20/200 mesh.  The shape of the 
capillary pressure-water content curves depends on the grain sizes and their distribution. Particle 
size distributions were determined by a standard sieve analysis of the dried soil. The results of 
the particle size distribution are shown in Figure 17 through 19, respectively, and in Tables 2 
through 4. Cu is the uniformity coefficient, while Ck is the coefficient of gradation. Both Cu and 
Ck should equal to 1 for a single-sized soil; Cu > 5 indicates a well-graded soil; Cu < 3 indicates a 
uniform soil; and Ck between 0.5 and 2.0 indicates a well-graded soil, whereas Ck < 0.1 indicates 
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a possible gap-graded soil. The well-graded sand used in these experiments indicates well-graded 
sand. 
The porous media 20/30 gradation mesh used in the experiments is coarse/medium sand, 
with a d50 = 0.713 mm and a narrow grain size distribution (Cu =1.19). The porous media 40/60 
gradation mesh is medium/fine sand, with a d50 = 0.36 mm and a less narrow grain size distribution 
(Cu =1.44). The well-graded porous media has a gradation between 20/200 sieve mesh or 0.85 – 
0.075 mm in size. This sand has a d50 = 0.55 mm and a well-graded (nonuniform) grain size 
distribution (Cu = 5.04).  
Table 2:  Porous media properties Accusand, Ottawa. 
 
 Accusand 20/30 Accusand 40/60 Accusand Well Graded 
Particle diameter, d50(mm) 0.713 0.36 0.55 
Uniformity Coe. Ui=d60/d10 1.19 1.44 5.04 
Particle sphericity 0.9 0.9 0.9 
Particle density (g/cc) 2.66 2.66 2.66 
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Figure 17.  Particle size distribution for Accusand (Ottawa) sand 20/30 mesh. 
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Figure 18.  Particle size distribution for Accusand 40/60 mesh. 
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Figure 19. Particle size distribution for the well graded Accusand used in the experiments. 
 
3.1.5 Hydrophobic Porous Media  
The procedure to obtain hydrophobic wettability media (or water repellent sand) in the 
drainage experiments is described by Bradford and Leij (1995). First, 3% by volume of 
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octadecyltrichlorosilane (OTS) is added to Ethanol and then gently stirred for one minute with a 
glass rod under the hood, since HCL gas will be emitted during the reaction. Next, the OTS-
ethanol solution is poured over the sand until it is completely saturated, with an additional ~2 cm 
of solution ponded on top. After that, the system is mixed in a shaker for about 5 hours. The sand 
is then rinsed with pure ethanol and set so that the remaining Ethanol will evaporate. The sand is 
then dried in the oven at 100o for 1 hour. 
The treated OTS sand was tested for water-repellency, using a water drop penetration 
time test (WDPT), as suggested by Dekker (1994). In this test, three drops of distilled water were 
placed on the smoothed surface of a soil sample. The time before the soil absorbed the drops was 
measured. A soil is considered water repellent, if the WDPT exceeds five seconds. The OTS 
coated sand was tested in the lab; the time needed for the water drops to absorb for the OTS 
treated soil used in the experiments was more than 60 seconds (Figure 20). This result indicated 
that the OTS treated soil was strongly water-repellent sand.  
 
Figure 20. Water drop penetration time test (WDPT) (Dekker et al., 1994). 
 
 
The contact angle for the OTS coated sand depends on the case of study, by advancing as 
in drainage experiments, or by receding as in imbibition experiments. O’Carroll (2005) reported 
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the contact angle on a smooth surface, Table 3. The air/water contact angle for the OTS coated 
sand is 60-75o, as reported by Ham et al. (2006). 
Table 3: Measured and operative Oil/water/solid contact angles—reported 
through the aqueous phase (standard deviation in parentheses), 
(O’Carroll, 2005). 
 
System Case Average Measured Contact Angle 
Water-wet Drainage 34.4° (8.8°) 
Water-wet Imbibition 47.0° (7.5°) 
Intermediate-wet Drainage 66.4° (4.4°) 
Intermediate-wet Imbibition 106.4° (4.3°) 
Organic-wet Drainage 137.6° (18.0°) 
Organic-wet Imbibition 156.1° (4.7°) 
 
Fractional wettability media were obtained by following the procedure indicated by 
Bradford and Leij (1996), i.e., by mixing a fraction of a known amount of OTS-coated sand to a 
known amount of water-wet sand to create either by the fraction 0, 25 or 50% OTS fractional 
wettability porous media. In order to explore the influence of fractional wettability on the 
entrapment of the wetting phase, a series of experiments were conducted with different fractional 
wettabilities of soils and different sand gradations.  
3.2   Drainage Experiments 
A consistent experimental procedure was used to perform all the drainage experiments:  
1. Clean the sand with distilled water in order to remove the dust, rinse, and dry in the oven at 
110o C for 24 hours.  
2. Saturate the membrane in water for 24 hours before running the experiment. 
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3. The columns were prepared under saturated conditions, where the columns and the sand were 
fully saturated before, during, and after the column preparation. All the columns were prepared 
under water to eliminate air entrapment in the system. 
4. Depending on the type of the experiment involved, the 25% fractional wet sand is obtained by 
mixing 25% OTS coated sand by weight to the 75% water-wet sand.  The 50% fractional wet 
sand is obtained by mixing 50% OTS coated sand by weight to the 50% water-wet sand. 
5. The column was filled with sand in multiple layers, by means of continuous vibrating and 
tapping. Each layer was 1-2 cm thick. This packing process was identically used for all the 
experiments, in order to guarantee homogeneity and standardized packing for all experiments.  
6. After the column was filled with sand, the top end plate and the tube fittings to the column 
were connected, while the column was still under water. 
7. The column was removed from the water bath. Water was pumped through the column for 24 
hours at a constant flow to ensure that no air was entrapped in the column and that stable 
conditions were reached. Prior to conducting the drainage experiment, the water level was 
calibrated with the free surface elevation at the top of the sand surface, to ensure that all the 
drainage measurements were made in reference to this level. 
The following measurements were recorded for each step of capillary head: 
1.  Head dropped. A consistent procedure of head drop used to drop the water level 5 cm at a 
time.  
2.  Volume drained for each increment of capillary head change.  
3.  Time between readings. The time needed to reach equilibrium was not constant for each step. 
This may range from 30 minutes to a day or two, depending on the type of experiment, location 
of water level, and sand gradation in the column. 
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The drainage experiment commenced while the column was fully saturated, by lowering 
the water level in the end tube by means of multiple steps, in order to allow the water to drain 
from the sand into the end tube (or the storage tube). The imbibition experiment began at the end 
of the drainage experiment stepwise. This was accomplished by raising the water level at the end 
tube, which was connected to the column, in order to allow water to imbibe into the soil. Porosity 
was computed for each experiment from the mass of the sand in the column, the particle density, 
and the total column volume. 
For each cumulative increment of water drained in the drainage experiment, the water 
level was measured and the volume was computed by the amount of water changed in the end 
storage tube. The time needed to take the measurements depends on the soil type, wettability, 
water level in the column, type of the column, and type of experiment. The minimum time 
required was 30 minutes in the tomographic columns, and as long as several hours in the larger 
columns. 
3.3 CMT Drainage Experiments 
  Tomography drainage experiments were conducted, while the column was mounted in the 
tomography beamline hutch facility at the Center for Advanced Microstructures and Devices 
(CAMD) at Louisiana State University.  
  An x-ray scanned images for each step of capillary-head difference, involved at different 
stages of capillary-head difference, for the same section/location of column. In the system, this 
procedure displayed the same solid structure with the variations of the air-water content at 
different capillary head values.  
The porous media used in the tomographic columns was 40/60 Accusand. The first image 
was taken when the sand was fully saturated. The second image was taken at the point were the 
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air began to penetrate the sand (i.e., around the air entry value) in an attempt to capture the 
bubbling pressure for the sand. Tomographic images were also taken at other points during the 
drainage process. A final tomographic image was taken at the irreducible water content.  
The drainage experiments were successively imaged at different levels of drainage 
processes without removing the experimental columns from the mounting stage. The study was 
successful in imaging the same section of the porous media at different stages of the capillary 
head changes (or different levels of water content). 
3.4   Slow-Fast Drainage Experiments 
 Fractional-wet soils have faster drainage and will have higher, irreducible water content 
than water-wet soils. In order to study this phenomenon, fast drainage experiments were 
performed on different fractional-wet systems. Two different types of experiments were 
performed on 20/30 Accusand samples, these experiments being a)  one-step experiments where 
drainage was induced with one relatively high capillary pressure head; and b) multi-step 
capillary pressure head experiments with a varying number of smaller increments, pressure-head 
applied as described earlier.  
The one step experiments were performed by rapidly applying a capillary head value 
equal to the total capillary head needed to reach irreducible water content for the multi-step 
capillary pressure head experiment. Water content changes in both experiments can be then 
compared. 
3.5 Richard’s Equation 
Hydrus-1D software solves for Richard's equation for simulating the one-dimensional 
movement of water in the unsaturated soil. The numerical estimation procedure will be the 
following:  the soil hydraulic parameter values α, n and m, found from the Van Genuchten 
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model, and hb and λ, found from the Brooks–Corey equations, will be used in the simulation to 
account for the soil properties.  
The CMT images for different conditions of sand gradations and wettabilities will help in 
explaining and discussing the variations in the results. In this manner, the experiments will be 
evaluated by using Richards’ equation as the flow model and the Van Genuchten or Brooks–
Corey models as the soil hydraulic models. 
The produced flow data, using constant and variable boundary conditions, are required to 
examine the experimental data obtained from the experiments. The porous media hydraulic 
parameters are obtained from the experiments performed on different sizes of columns, in 
addition to the x-ray imaged, scanned, tomographic columns using the Van Genuchten (1980) 
and Brooks– Corey (1966) models for different sand gradations and different fractional 
wettability porous media. The cumulative infiltration versus time and the capillary pressure-
water content distribution along the soil column at different times is calculated. The wetting front 
distance versus time also will be determined at different locations. 
The numerical estimation procedure is as follows: 
? The values of the hydraulic soil parameters, α, n and m, found from the Van Genuchten and 
Brooks–Corey equations, and obtained from the capillary pressure–water content and hydraulic 
conductivity experiments for the porous media. 
? Numerical simulations using Hydrus–1D software to solve for the nonlinear fluid flow in 
unsaturated porous media; Richards’ equation, to estimate the water content distribution along 
with the depth of the column.  
? α will influence the shape of the retention curve and is used in most cases, since α is a small 
number with a power of n, which is bigger than 1.  
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? Residual water content (θr ) has only a very limited influence, since θr is too small when 
compared to θs.  
? Saturated water content (θs) determined θe as a critical factor for solving the governing 
equation. 
? N, an empirical parameter, occurs in formulas as a power of h. 
? Saturated, hydraulic, conductivity Ks represents the most sensitivity in all parameters.  
? l is the pore connectivity parameter in the hydraulic conductivity function, and is assumed to 
be about 0.5 as an average for many soils. This value represents an empirical factor which is 
assumed to be 0.5, according to Simunek et al. (1998).  
The basic settings for 1D water flow are as follows: 
− Only one type of soil will be considered for the whole column depth, with no inclination from 
the vertical axis;  
− The total numerical simulation time is 500 minutes with each time step of 1e-5, and the 
maximum time step iteration is 25 minutes; 
− The maximum number of iterations is 50; 
− The hydraulic model is Van Genuchten with no hysteresis; 
− Soil properties are based on the hydraulic properties of the sand used in the experiments; 
− The upper boundary condition is a variable pressure head; the lower boundary condition is 
free drainage; and the initial condition is in the water content as fully saturated soil. 
The major input data for Hydrus-1D are: 
? Basic information:  length of experimental column, time used, time step, number of printed 
times on the screen, number of soil material, number of subregions, etc.  
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? Water Flow information:  The angle between the flow direction and the vertical axis; 
maximum number of iterations allowed during any time step (usually 20); absolute water content 
tolerance for nodes in the unsaturated part of the flow (the recommended value is 0.0001); 
desired absolute change in the value of the water content between two successive iterations 
during a particular time step; and the absolute pressure head tolerance for nodes in the saturated 
part of the flow region (recommended value is 0.1 cm), which represents the maximum desired 
absolute change in the value of the pressure head between two successive iterations during a 
particular time step. 
? Time information:  initial time increment, minimum-permitted time increment, maximum 
permitted time increment, number of specified print-times for detailed information about the 
pressure head, water content, and flux, etc. to be printed to the screen, and the output files at each 
time step. 
? Nodal information:  the number of fixed nodes, x-coordinate of nodes, and the subregion 
number assigned to each node. 
The output data will be available in the observation nodes and nodal information output 
files. As the soil begin drainage from the state of 100% saturation, changes in the water content 
regarding height and time, and on different observation nodes as distributed throughout the 
column, is measured. The total time to reach the stable condition of the final drainage condition 
is not constant for experiments with different fractional wettability conditions. It is assumed that 
all the experiments will reach a stable condition 500 minutes after the beginning of the 
experiment. 
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3.6 University of Delaware (UDEL) Experiments  
The packing and drainage of the UDEL systems were accomplished by Jie Han and 
Liqinh Li at the University of Delaware. The columns used in these experiments were 7 mm 
inside diameter aluminum. The sand and the glass beads used in these experiments were 40/60 
gradation (0.3–0.43 mm), with a mean diameter d50 of 0.359 mm. Water doped with CsCl at 10% 
by weight was used to give more contrast to the water during the x-ray imaging. The OTS coated 
fractions of the glass bead and the sand systems were 100% water-wet, 50% water-wet, 50% 
OTS coated, and 25 % water-wet, 75% OTS coated. 
The column experiments were fully saturated at the beginning of the experiments and 
afterward, either 0.3-0.6 m or 1.3 to 2 m of suction head, using humidified air, was applied to 
each column to reach the irreducible water content for each experiment. 
The University of Delaware experimental data involves the following data sets:  GBI_1 
and GBI_2, which are 100% hydrophilic glass beads; GBO_1 and GBO_2, which are 25% 
hydrophilic glass beads and 75% hydrophobic glass beads; GBE_1 and GBE_2, which are 50% 
hydrophilic glass beads and 50% hydrophobic glass beads; GBI_1 through GBI_4, which are 
glass beads that are completely hydrophilic systems; and  SI_1 and SI_2 systems, which are 
hydrophilic sand/water that has been drained in the same manner as the glass bead systems. 
3.6.1 UDEL Imaging 
 Imaging was performed at the 13-BMD beamline, GeoSoilEnviroCARS, Advanced Photon 
Source, Argonne National Laboratory. Image resolutions were about 11 microns for all 
experiments. Two scans were performed for each column; one above the absorption edge (33 
kev) and one below the absorption edge of Cs (36 kev). The below-edge image was used to 
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identify the solid phase, while the above-edge image was used to identify the air phase. The 
difference image was used to identify the water phase. 
3.6.2 UDEL Image Analysis 
The image projections were reconstructed using a filtered back-projection algorithm, 
developed by Mark Rivers, GSECARS (Rivers, 1998). The sub-volume used for each image was 
approximately 300 x 300 x 300 pixel in size. The sub-volume chosen represented at least a 1-2 
grain diameter distance from the column walls. Segmentation was performed using indicator 
kriging, using 3DMA software as developed by Lindquist (1996). The image thresholding was 
performed by Dr. Kyungmin Ham in CAMD. Three distinct phases were generated for each 
image (solid, water and air). Algorithms described by Thompson et al. (2006) were used to 
extract grain properties, pore network structures, and water phase volume. The interfacial areas 
were calculated by using marching cube algorithms from Amira software. 
For all the UDEL data sets, the solid grains data were characterized according to the 
number, inscribed radius (GIR), effective diameter (GED), surface area (GSA), aspect ratio 
(GAR), and coordination number (GCN). The effective diameter (GED) is equal to the sum of 
grain-inscribed diameter (GID), plus grain-inscribed length (GIL), divided by two; ED = 
(GID+GIL) / 2. The GIL is the grain aspect ratio (GAR) multiplied by GID; GIL = GAR * GID, 
then GED = GIR (1+GAR).  
The pores’ bodies were characterized by the number, inscribed radius (PIR), and 
coordination number (CN); pore-throats were characterized by the number, inscribed radius 
(PIR), length (PL), and aspect ratio (PAR). The water-phase was characterized according to 
saturation, number, volume, surface area (PSA) of the water, and found as separate blobs 
(pendular rings, lenses, bridges and blobs), with the number of pores that water-occupy pore 
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center, inscribed radius (PIR) for pores that water-occupy pore center, and inscribed radius (PIR) 
for pores that do not water-occupy pore center. 
The air-water specific surface area, not including the water film-air interface, were 
calculated by using the following formula reported by Brusseu et al. (2007): 
saw = 0.5 ( sw  +  sa - ss )            (27) 
 
where sw is the total specific surface area of the water; s is the total specific surface area of the 
air; and ss is the total specific surface area of the solid.  
3.7 Three-Phase (UNSAT Data) System  
The columns used in these experiments were 5 mm inside diameter aluminum. The sand 
used in these experiments was 40/60 gradation (0.3–0.43 mm) with a mean diameter d50 of 0.359 
mm. The columns were fully saturated with water at the beginning of the experiments. Three 
different wettability systems were tested in these experiments; they are (i) 100% water-wet 
(UNSATA); (ii) 50% water-wet 50% air-wet (UNSATB); and (iii) 25 % water-wet 75% air-wet 
(UNSATC). The imaging was performed using the 13-BMD beamline, of GSECARS.  
3.7.1 Three-Phase (UNSAT Data) Experimental Method 
The experimental procedure was consistent for all three systems, which involve the 
following steps:  a) the sand was packed in approximately 5 mm layers with continued tapping, 
under fully saturated conditions of CsCl-doped water; b) after packing, CsCl-doped water was 
made to flow upward at 2 mL/hr, for about 1 hour. c) air then was caused to flow downward at 2 
mL/hr, until no more water exited from the column; d) iodosoltrol then was caused to flow 
upward at 2 mL/hr for 1 hour; e) then air flowed downward at 2 mL/hr until no more iodosoltrol 
exited from the column; the column was scanned at 10.92 micron resolution, using three energy 
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levels─ 33.069 keV (scan A, below all edges), 33.269 keV (scan B, above iodine edge; shows 
oil), and 36.085 keV (scan C, (above Cs edge; shows water).  
3.7.2 Three-Phase (UNSAT Data) Imaging 
 Image resolution was 10.92 microns for all the experiments. The columns were scanned 
using three energy levels─33.069 keV (scan A, below all edges to show the solids), 33.269 keV 
(scan B, above iodine edge to show the oil), and  36.085 keV (scan C, above Cs edge to show the 
water). The image sizes were 300 x 300 x 300 pixel for all experiments. 
3.7.3 Image Analysis 
The same image analysis performed for the UDEL systems were performed for the three-
phase system. The only difference was that the oil was separated in separate steps, similar to the 
water phase separation, using the difference between the above and below iodosolstrol 
attenuation edge images. 
 
 53
 
Chapter 4 Results 
4.1 Drainage Experiments in Large Columns 
  As described in Chapter 3, the volume drained in drainage experiments was measured for 
each value of capillary head. Equations 8 through 15 were then fitted to the experimental data to 
find the Van Genuchten parameters, n and α, and the Brooks-Corey parameters, λ and hb. 
Experimental data from one of the large column drainage experiments of water-wet, well-graded 
sand are shown in Figure 21 along with the best-fit from the Van Genuchten and Brooks-Corey 
curves. The Van Genuchten and Brooks-Corey best-fit curves, obtained for a large column 
experiment of water-wet 40/60 sand mesh gradations, are shown in Figure 22. The Van 
Genuchten and Brooks-Corey best-fit parameters are also given in the same figure. 
 
  
Figure 21.  Measured versus Van Genuchten and Brooks-Corey best fit curves for 
the volume drained for large Column (LC40/60-0-1) of ID= 5 cm and 
L= 16 cm for water-wet well graded sand. 
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 Figures 25 and Figure 23 show the Van Genuchten and Brooks-Corey curves, using the 
best-fit parameters from experiments of the large columns for 0 and 25%OTS coated systems, 
respectively.  The differences between the two systems are a) the fractional wettability increased 
in the system (25%OTS system) as the air entry value for the sands is reduced; and b) the 
irreducible water content is increased for the uniform sand used in earlier experiments (40/60 
sand). 
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Figure 22.  Van Genuchten and Brooks-Corey curves using the best-fit parameters 
for the large column (LC40/60-0-avg)  of 0% OTS Fractional 
wettability experiment for 40/60 sand mesh gradations. 
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Figure 23. Van Genuchten best fit and Brooks-Corey curves using the best-fit 
parameters for the large column (LC40/60-25-avg) of 25%OTS 
fractional-wet 40/60 sand mesh gradations. 
 
 
Van Genuchten (1980) showed in the results obtained from his work that the capillary 
pressure-water content relationship curve is very steep for hygiene sandstone, indicating that the 
soil has a narrow pore-size distribution, and the capillary pressure-water content curve is flat 
(high value of n = 10.4).  
Bradford and Leij (1996) found the same behaviors and trends of the capillary pressure-
water content relationship existed for the 25 and 75% OTS curves in their two-phase flow, 
fractional wettability, capillary pressure-water content experiments. 
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Table 4: Van Genuchten and Brooks-Corey best-fit parameters for all large 
column experiments. 
 
Large Columns  System Wettability porosity θir Α n hb Λ 
20-30 Sand Exp. Name (%)   (cm-1)  (cm)  
E1D LC20/30-0-1* 0 0.35 0.056 0.11 12 7.6 6.4 
E2D LC20/30-0-2 0 0.34 0.04 0.11 12 8.1 6 
E3D LC20/30-0-3 0 0.39 0.041 0.12 13 7.5 6 
E4D LC20/30-0-4 0 0.39 0.05 0.11 12 8.5 6.5 
E8D LC20/30-25-1 25 0.33 0.069 0.1 10 8 3.5 
E9D LC20/30-25-2 25 0.35 0.075 0.07 9 8.5 3.6 
E10D LC20/30-50-1 50 0.37 0.09 0.08 3.5 8 1.4 
E11D LC20/30-50-2 50 0.34 0.104 0.075 3.5 8 1.5 
40-60 Sand         
Large Col (1) LC40/60-0-1 0 0.34 0.033 0.038 13 24 12 
Large Col (2) LC40/60-0-2 0 0.35 0.026 0.038 13 24 10 
Large Col (3) LC40/60-25-1 25 0.35 0.041 0.045 5 12 3 
Large Col (4) LC40/60-25-2 25 0.36 0.036 0.044 5 13 3.5 
Large Col (5) LC40/60-50-1 50 0.35 0.08 0.07 3.5 10 2.2 
Large Col (6) LC40/60-50-2 50 0.36 0.075 0.075 3 10 2.5 
Well graded Sand         
Exp1 LC/WELL-0-1 0 0.344 0.132 0.029 6 28.5 3.4 
Exp2 LC/WELL-0-2 0 0.345 0.125 0.033 6.5 24.3 3.6 
Exp3 LC/WELL-25-1 25 0.344 0.135 0.057 8 17.5 5 
Exp4 LC/WELL-25-2 25 0.33 0.123 0.062 8.5 13 7 
Exp5 LC/WELL-25-1 50 0.336 0.1 0.075 9 12 7 
Exp6 LC/WELL-25-2 50 0.34 0.059 0.08 9 13 7 
 
 
Bradford and Leij (1995) found that as more organosilane-treated sand was found in the 
system, the primary drainage curve revealed a lower capillary pressure-water content value at a 
given water content than in the system containing a higher mass fraction of quarts. The same 
results were obtained by Ustohal et al. (1998). 
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4.2 Drainage Experiments for Aluminum Tomographic Columns 
 Several drainage experiments were performed in aluminum, tomographic columns to see 
whether the drainage curves were similar to those from the larger systems. The cumulative 
volume drained versus capillary head and best-fit Van Genuchten and Brooks-Corey curves for 
tomographic column is shown in Figure 24.  Both curves for the tomographic and large columns 
results were similar and consistent to the shape for the Van Genuchten and Brooks-Corey fitted 
parameters, in addition to the porosity and the irreducible water content. Both large and 
tomographic columns were performed in a consistent method in order to achieve accuracy in the 
obtained results. 
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Figure 24.  Measured versus Van Genuchten and Brooks-Corey best fit curves for 
the volume drained for tomographic column (TC40/60-0-1) of ID= 0.5 
cm and L= 10cm for water-wet 40/60 sand mesh gradations. 
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Figure 25 and Figure 26 show the Van Genuchten and Brooks-Corey best-fit curves 
obtained for one tomographic column experiment for 0 and 25%OTS coated sand, respectively. 
The differences between the two systems are a) as the fractional wettability increased in the 
system (25%OTS system), the air entry value for the sands was reduced, and b) the irreducible 
water content is increased for the uniform sand (40/60 sand), used in the earlier experiments. 
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Figure 25. Van Genuchten and Brooks-Corey best-fit curves for the tomographic 
column of 0% OTS fractional wettability 40/60 sand mesh gradations 
experiment (TC40/60-0-avg). 
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Figure 26. Van Genuchten and Brooks-Corey best-fit curves for the tomographic 
column of 25% OTS fractional wettability 40/60 sand mesh gradations 
experiment (TC40/60-25-avg). 
 
Table 5: Van Genuchten and Brooks-Corey best-fit parameters for tomographic 
column experiments (* indicates tomographic column of 40/60 sand of 
0%OTS experiment 1) ** indicate not calculated. 
 
Tomographic Column System Wettability porosity θir α  n  hb Λ 
40-60 Sand Exp. Name %     (cm-1)   (cm)   
CAMD_1 TC40/60-0-1* 0 0.35 0.049 0.038 12 23 8.5 
CAMD_2 TC40/60-0-2 0 0.36 0.024 0.034 11 25 8 
CAMD_3 TC40/60-0-3 0 0.33 0.012 0.034 11 26 8 
AL_Lab1 TC40/60-0-4 0 0.33 0.025 0.035 12 26 8 
CAMD_1 TC40/60-25-1 25 0.39 0.023 0.05 6.5 12 3 
CAMD_2 TC40/60-25-2 25 0.35 0.052 0.055 5.8 15 3 
CAMD_3 TC40/60-25-3 25 0.36 0.064 0.05 6.5 15 2.5 
AL_Lab2 TC40/60-25-4 25 0.34 0.055 0.044 6 12 3.5 
AL_Lab3 TC40/60-50-1 50 0.34 0.174 0.07 4.5 ** ** 
20-30 Sand          
E5D TC20/30-0-1 0 0.38 0.02 0.137 13.7 7.2 6 
E6D TC20/30-0-2 0 0.38 0.015 0.13 12 6.8 7 
E7D TC20/30-0-3 0 0.38 0.02 0.15 12 9.5 5.7 
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4.3 Large Versus Tomographic Column Results 
The Van Genuchten and Brooks-Corey curves, applying the average best-fit parameters 
obtained for the tomographic and the large column experiments for the water-wet 40/60 sand, are 
shown in Figure 27. This shows a consistent similarity in the values obtained for both 
experiments, indicating that we can use the tomographic column for the drainage experiments. 
The same discussion may be applied to Figure 28, which shows curves from the 25%OTS 
fractional wettability 40/60 sand experiments in the tomographic and the large column 
experiments. These data indicate the similarity and consistency of tomographic columns in the 
experiments. 
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Figure 27.  Van Genuchten and Brooks-Corey best fit curves for the large and 
tomographic column experiments for the 0% OTS fractional wettability 
40/60 sand gradations experiments (LC40/60-0-avg, TC40/60-0-avg). 
 61
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3 0.4
Water Content
C
ap
ill
ar
y 
H
ea
d 
(c
m
)
VG Parameters for Tomo Column(α = 0.045 & n=5)
VG Parameters for Large Column(α = 0.043 & n=5.3)
BC Parameters for Tomo Column (hb=12.5 & λ=3.25)
BC Parameters for Large Column (hb=12.0 & λ=3.5)
 
Figure 28.  Van Genuchten and Brooks-Corey best-fit curves for the large and 
tomographic column of 25% OTS fractional wettability 40/60 sand 
gradations experiments (LC40/60-25-avg, TC40/60-25-avg). 
 
 
The Van Genuchten best-fit curves obtained for both the 50%OTS experiment for the 
large and the tomographic columns are shown in Figure 29. However, the results of the 
experiments for the tomographic column did not match with the results obtained from the large 
column experiments. The experimental results indicated that a tomographic column of this size 
(0.5cm inside diameter) could not be used to perform drainage experiments for the 50%OTS 
fractional wettability porous media.  This is most likely due to the irregular drainage paths that 
would be present in the 50% OTS system and the small cross-sectional area in the tomography 
columns. 
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Figure 29. Van Genuchten best-fit parameters for two large column experiments 
(LC40/60-50-1 and LC40/60-50-2) and the tomographic column 
(TC40/60-50-1) of 50% OTS fractional wettability experiments for 
40/60 sand mesh gradations. 
 
4.4 Fractional wettability experiments 
 The fractional wettability percentages experiments conducted using the Accusand 40/60 
are 0%, 25% and 50% OTS. The experiments were conducted in large PVC columns and in 
aluminum tomographic columns. The average porosity, irreducible water content, and Van 
Genuchten and Brooks-Corey drainage parameters are given in Table 6, and plotted in Figure 30 
and Figure 31, respectively. 
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Table 6: Van Genuchten and Brooks-Corey fitting parameters for the drainage 
experiments for the 40/60 Accusand for different wettability values, 
standard deviation values are in parentheses. 
 
40/60 Sand System Exp Name θs θir α n hb λ 
0%OTS 40/60-0-avg 0.34(0.011) 0.03(0.012) 0.036(0.002) 12.0(0.82) 24.7(1.11) 9.2(1.52) 
25%OTS 40/60-25-avg 0.36(0.017) 0.080(0.013) 0.048(0.004) 5.7(0.69) 13.6(1.72) 3.1(0.35) 
50%OTS 40/60-50-avg 0.35(0.01) 0.110(0.004) 0.072(0.003) 3.7(0.76) 10.0(0) 2.4(0.21) 
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Figure 30. Van Genuchten best-fit curves for the 0%, 25% and 50% OTS 
fractional wettability experiments for 40/60 sand mesh gradations 
(40/60-0-avg, 40/60-25-avg, and 40/60-50-avg). 
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Figure 31. Brooks-Corey best-fit curves for the 0%, 25% and 50% OTS fractional 
wettability experiments for 40/60 sand mesh gradations (40/60-0-avg, 
40/60-25-avg, and 40/60-50-avg). 
 
The fractional wettability percentage experiments conducted using the Accusand 20/30 
are 0%, 25% and 50%. The experiments were conducted in large PVC columns and in 
aluminum, tomographic columns. The average porosity, irreducible water content, applying Van 
Genuchten and Brooks-Corey drainage parameters, are given in Table 7 and shown in Figure 32, 
respectively. 
The average values for the 20/30 Accusand parameters were calculated by using only the 
large columns with an inside diameter of 4 cm. The tomographic columns inside diameter, 
calculated to a mean sand particle size (d50) ratio is 5/0.78 = 6.41, indicated that the wall would 
affect the flow in the column, and that no REV will be available for this type of column sizes 
(Dullien, 1991). 
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Table 7: Van Genuchten and Brooks-Corey fitting parameters for the drainage 
experiments for the 20/30 Accusand for different wettability values, 
standard deviation values are in parentheses. 
 
20/30 Sand System Exp Name θs θir α n hb λ 
0%OTS 20/30-0-avg 0.37(0.025) 0.05(0.008) 0.113(0.005) 12.25(0.5) 7.93(0.46) 6.23(0.26) 
25%OTS 20/30-25-avg 0.34(0.014) 0.07(0.014) 0.085(0.021) 9.50(0.7) 8.25(0.35) 3.55(0.07) 
50%OTS 20/30-50-avg 0.35(0.01) 0.10(0.01) 0.078(0.004) 3.50(0) 8.00(0) 1.45(0.07) 
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Figure 32.Van Genuchten best-fit curves for the 0%, 25% and 50% OTS 
Fractional wettability experiments for 20/30 sand mesh gradations 
(20/30-0-avg, 20/30-25-avg, and 20/30-50-avg). 
 
 It should be noted here that the air entry values for the 25% and 50% fractional-wet 20/30 
sand were difficult to fit correctly, due to the behavior of the volume drained as the percentage of 
the fractional-wet sand increased in the system. For the 25% fractional wettability sand system, 
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the water starts to drain (air entry value for this sand) at a capillary head value of 7 cm; however, 
for the system that contains 50% fractional wettability sand, the water starts to drain (air entry 
value for this sand) immediately after applying the first 5 cm of capillary head. So, we expect 
that the system will have an air entry value of less than 5 cm, as shown from the volume drained 
for the 50%OTS system in Figure 34, and not as found by the best fit model parameters of Van 
Genuchten and Brooks-Corey in Table 7.  
During drainage in a fractional-wet system, the pores surrounded by OTS-coated grains 
will drain first, followed by those pores with some surfaces that are OTS-coated, and then the 
pores surrounded by water-wet grain surfaces. As the fractional wettability increases, the number 
of pores which are completely intermediate-wet will also increase (see Figure   ). Also, while the 
number of available flow paths will be increased at lower suction heads, these paths will be 
tortuous in nature, resulting in an increase of disconnected water (Wildenschild et al., 2001). 
This result indicates that pore water blockage is more likely to occur in materials with uniform 
pore size distribution. Entrapment of water occurs through the hydraulic isolation of water-filled 
pores by drainage of the surrounding pores. The larger the drainage of surrounding pores, the 
less opportunity exists for pores to drain at the same time. 
 In comparing the 20/30 sand gradation with the 40/60 sand gradation, this study finds that 
the 20/30 sand gradation drains more at lower capillary pressure head than the 40/60 sand 
gradations. This can be shown from the air entry values (α in Van Genuchten model and hb in 
Brooks-Corey model), in addition to the n value in the Van Genuchten model and λ value in the 
Brooks-Corey model.  This is because the grain sizes for the 40/60 sand are smaller than the 
20/30, which results in smaller pores.  
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From literature (e.g., Schroth et al., 1996) and in study expectations, the irreducible water 
content for the 20/30 sand was found to be lower than the 40/60 sand, because the air entry value 
is lower and the pore sizes are larger.  Yet this was not the case for our experiments, perhaps due 
to the small increments of capillary head difference (~5cm) and perhaps due to the existence of 
the porous cup at the bottom of the 20/30 sand gradation experiments, which caused more water 
to become entrapped at the irreducible condition.  In addition, the 40/60 sand gradation 
experiments did not have the porous cup in the experimental set-up. As the percentage of the 
fractional wettability sand increased in the system, irreducible water content increased for the 
uniform sands, i.e., 20/30 and 40/60. However, irreducible water content was the same for the 
well-graded 0 and 25% systems, yet decreased in the 50% system. O’Carroll et al. (2005) found 
the same results for the uniform sand, as well as no changes in the irreducible water content for 
the non-uniform fractional wet sand (Ui = 2.79). In this study, the sand displayed a higher 
uniformity coefficient (Ui = 5.43), which indicated the sand is more non-uniform (well graded), 
and that smaller pore sizes were available than in the sand used in earlier experiments.  
Bradford et al. (1995), in a study of the wettability effects on scaling two and three-phase 
capillary pressure–water content relations, indicated that untreated OTS coated sand grains have 
water-wet rough surfaces, and that the OTS coating may have resulted in a decrease of contact 
angle that will result in less air entry value for soils that have a fraction of soil coated with OTS.  
Bradford et al.  (2003) found that the residual distribution of non-aqueous phase liquids is 
highly dependent on soil wettability characteristics. The final distribution depends on the values 
of residual, entrapped, and immobile, non-aqueous phase saturations. In addition, the non-
aqueous phase saturations entrapment was at a maximum in water-wet soils, whereas the residual 
NAPL saturation displayed the maximum in organic-wet soils. 
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Figure 33. Brooks-Corey best-fit curves for the 0%, 25% and 50% OTS fractional 
wettability experiments for 20/30 sand mesh gradations (20/30-0-avg, 
20/30-25-avg, and 20/30-50-avg). 
 
 
 
 
Table 8: Van Genuchten and Brooks-Corey fitting parameters for drainage 
experiments for the well graded Accusand for different wettabilities used 
in the experiments, (standard deviation in parentheses). 
 
Well Graded Sand 
System 
Exp Name θs θir α n hb λ 
0%OTS Well-0-avg 0.345(0.001) 0.129(0.005) 0.031(0.003) 6.3(0.35) 26.4(2.96) 3.5(0.14) 
25%OTS Well-25-avg 0.337(0.01) 0.129(0.008) 0.06(0.004) 8.3(0.35) 15.3(3.18) 6(1.41) 
50%OTS Well-50-avg 0.347(0.003) 0.048(0.029) 0.078(0.004) 9(0.764) 12.5(0) 7.0(0) 
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Figure 34.Measured versus Van Genuchten best-fit for the volume drained in a 
drainage experiment for large column (LC20/30-50-1) of ID= 5 cm and 
L= 22 cm for the 50% OTS wet 20/30 sand mesh gradation. 
 
  
 
 The fractional wettability percentage for the experiments was conducted using the well-
graded Accusand at 0%, 25% and 50%. The experiments were conducted in large PVC columns 
(for the 0, 25 and 50% systems) and in tomographic aluminum columns (for the 0 and 25% 
systems). The average Van Genuchten and Brooks-Corey best-fit parameters for the drainage 
data for the well-graded Accusand used in the experiments are given in Table 8 and plotted in 
Figure 35 and Figure 36. 
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Figure 35. Van Genuchten best-fit curves for the 0%, 25% and 50% OTS 
fractional wettability experiments for well-graded sand mesh gradations 
(Well-0-avg, Well-25-avg, Well-50-avg).. 
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Figure 36. Brooks-Corey best-fit curves for the 0%, 25% and 50% OTS fractional 
wettability experiments for well-graded sand mesh gradations (Well-0-
avg, Well-25-avg, Well-50-avg). 
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4.5 Tomographic-Column Experiments and Image Data Results 
4.5.1 Material and Experiment Setup: 
 Several drainage experiments were successfully performed for both 0% and 25%OTS in 
wet sand, while the experimental columns were mounted on the beamline. Successive images 
were taken of the same section of the column for different values of capillary pressure head and 
corresponding water content. From the resulting high-resolution tomography images, the 
porosity and water content values are calculated at different values of capillary head.  
4.5.2 Drainage Tomographic Experiments 
The average capillary head–water content drainage results for the tomographic columns, 
using the Van Genuchten and Brooks-Corey curves for both the 0% and 25% OTS Accusand, are 
shown in Figure 37 for the 40/60 Accusand. 
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Figure 37. Best fit Van Genuchten and Brooks-Corey model drainage curves 
results for the (LC40/60-0-avg, TC40/60-0-avg, LC40/60-25-avg, 
TC40/60-25-avg) tomographic column 0% and 25%OTS Accusand for 
the 40/60 gradations. 
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4.5.3 Image Segmentation 
Segmentation is the process to distinguish between water, air and solids. Figure 38a 
shows a cross section taken at fully-saturated condition for the 25%OTS fractional wet 40/60 
sand.  Figure 38b is the second cross-section taken for the same section of the experimental 
column at a point after the drainage process has started (27 cm capillary head), as an attempt to 
image the water distribution just after the bubbling pressure head. Figure 38c is the cross-section 
taken during the drainage process at capillary head value of 36 cm. Figure 38 d is the last 
tomographic cross-section taken at the level of irreducible; there was no additional gravity 
drainage. Similar sequences of images were taken for all experiments. 
 
              3-25-sat                   3-25-27            3-25-36                        3-25-irr 
      
                a                                b                                c                                   d 
Figure 38. 25%OTS–wet 40/60 mesh Accusand (TC40/60-25-3) imaged at (a) 
fully saturated (b) capillary head of 27cm (c) capillary head of 36cm 
(d) capillary head of 52cm or at the irreducible water content. 
 
 
 The segmentation for the images process were done on the images below in a triad 
methodology:  1) the first thresheld the void space; 2) the second thresheld the air space; and 3) 
the third calculated the water contents. 
4.5.3.1 Threshold of Void Space 
 The method for distinguishing the solid and void spaces is to assign lower and upper 
threshold values so that the voxels containing solids will be separated from the rest of the voxels, 
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using the indicator kriging program in 3dma described by Oh and Lindquist (1999). The lower 
and upper threshold values are chosen, depending on the shape of histogram. The porosity of the 
segmented image is then calculated by dividing the number of the void space voxels by the total 
number in the image. All images produced from the segmentation were visually compared with 
the original volume image. The segmented image that best represents the solids is the one that 
matches from the original image volume.  
 Figure 39a shows the original binary volume of the image (solids in the lighter color, water 
in the grayish color, and air in the blue color), and Figure 39b shows the segmented image, 
showing solids as one phase (red) and the void phase (air and water) as blue. The porosity values 
for the images are given in Table 10. 
 
  
                               (a)                                                                 (b) 
Figure 39. (a) The original binary volume for experiment (TC40/60-0-1) of the 
image (solids are the lighter color, water is grayish and air is the blue) 
and (b) The segmented image showing solids as one phase (red color) 
and the (air and water) as the other phase (blue color). 
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4.5.3.2 Threshold of Air Space 
The same procedure, used to determine the porosity, was used to determine the air 
content. The threshold values used to find the air content differ from those for the solids. All the 
images produced from the segmentation step were also compared with the original volume 
image. The segmented image chosen that represented the air phase is the one that matched with 
the air in the original image volume. The air content of the image was calculated by dividing the 
number of the air phase voxels by the total number of voxels in the image. 
 Figure 40a shows the original binary volume of the image, where solids are the lighter 
color, water is grayish, and air is the blue; while Figure 40b shows the segmented image showing 
air as one phase (blue), and water and solids as the other phase (red). The air content values are 
given in Table 10. 
 
  
(a) (b) 
Figure 40. (a) The original binary volume for experiment (TC40/60-0-1) of the 
image (solids are the lighter color, water is grayish and air is the blue) , 
(b) The segmented image showing air as one phase (blue) and the 
(water and solids) as the other phase (red). 
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4.5.3.3 Quantification of Water content 
The procedure used to find the water content for the images differs from those used to 
find the solids or the water content. The two segmented images produced from finding the 
porosity and air content were added to produce a third image that contains three distinct 
phases─air, water and solids. Each phase now has a definite value: 0 for solid, 1 for water, and 2 
for air. Figure 41a shows the original binary volume of the image, while Figure 41b shows the 
final segmented image: solids in red, water in green, and air in blue. The best image representing 
the water is the one that matches with the water found in the original image volume. This may 
require changing the selected previous image/s of the void space or the air phase, calculating for 
the best image that matches the water in the original image volume. 
   
(a)                                                          (b) 
Figure 41. (a) The original binary volume for experiment (TC40/60-0-1) of the 
image (solids are lighter; water is gray; and air is blue), and (b) the final 
resulting image, showing all the phases (solids in red, water in green, 
and air in blue). 
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         (a)                                         (b)                                         (c) 
(a) (
c
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Figure 42. The segmented image of 25% air-wet 40/60 Accusand drainage 
experiment showing solids in red, water in green and air in blue at  (a) 
capillary pressure 27cm; water content of  0.13 (b) capillary pressure 
30cm; water content of 0.10 and (c) irreducible water content at 
capillary pressure 52cm; water content of 0.06.  
 
Figure 42 shows an example of segmented images for 25% air-wet 40/60 Accusand 
during drainage experiment for capillary pressure heads of 27 cm, 30 cm and 52 cm.  
The capillary head-water content results obtained from the images were used to extract 
the Van Genuchten and Brooks-Corey best-fit parameters. This required fitting capillary head-
volume drained data to match the capillary head–water content data results obtained from the 
images for both Van Genuchten and Brooks-Corey models. The best-fit parameters for the image 
experiments and for the drainage experiments for both Van Genuchten and Brooks-Corey models 
for the 40/60 sand gradations and for different OTS fractional wettability media are listed in 
Table 9. The capillary head–water content results from the images taken at CAMD-LSU for 
different OTS coated fractional wettability 40/60 sand are shown in Table 10. The experimental 
content is shown in Table 10 as the drainage experimental results obtained for that column at that 
specific capillary head. Some of the experiments had only one image scanned at the irreducible 
water content, according to the time available and the ability to take those images at the 
beamline. 
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Table 9: The best-fit data parameters for the 40/60 gradations for 0%, 25% and 
50%OTS-wet Accusand for drainage experiments for both Van 
Genuchten and Brooks-Corey models  (* indicates image results for 
40/60 sand for 0% OTS of experiment 1), ** indicates not calculated. 
 
Experiment 
# 
System 
Exp Name 
Wettability 
(%) 
Α 
(cm-1) 
n 
 
Porosity 
 
θir 
 
hb 
(cm) 
λ 
 
Image Data I40/60-0-1* 0 0.037 12 0.35 0.04 25 10 
Large Col (1) LC40/60-0-1 0 0.038 13 0.34 0.033 24 12 
Large Col (2) LC40/60-0-2 0 0.038 13 0.35 0.026 24 10 
AL_Lab (1) TC40/60-0-4 0 0.035 12 0.33 0.025 26 8 
AL_Lab (2) TC40/60-0-2 0 0.034 11 0.36 0.024 25 8 
AL-Lab (3) TC40/60-0-3 0 0.034 11 0.33 0.012 26 8 
Image Data I40/60-25-1 25 0.045 5 0.34 0.05 16 2.9 
Large Col (3) LC40/60-25-1 25 0.045 5 0.35 0.041 12 3 
Large Col (4) LC40/60-25-2 25 0.044 5 0.36 0.036 13 3.5 
AL_Lab (4) TC40/60-25-4 25 0.044 6 0.34 0.055 12 3.5 
AL_Lab (5) TC40/60-25-2 25 0.055 5.8 0.35 0.052 15 3 
AL-Lab (6) TC40/60-25-3 25 0.05 6.5 0.36 0.064 15 2.5 
Large Col (6) LC40/60-50-1 50 0.07 3.5 0.35 0.08 10 2.2 
Large Col (7) LC40/60-50-2 50 0.075 3 0.36 0.075 10 2.5 
AL_Lab (7) TC40/60-50-1 50 0.07 4.5 0.34 0.174 ** ** 
 
Table 10:The image data results compared with the experimental results at 
various capillary head values for the Accusand 40/60 with different OTS 
wettabilities. 
 
Experiment System Wettability Capillary Head Image Content Experimental Content 
# Exp Name % cm Air Water Voids Air Water Voids 
1 TC40/60-0-1 0 50 - irreducible 0.29 0.05 0.34 0.30 0.05 0.35 
2 TC40/60-0-2 0 11-saturation 0.00 0.35 0.35 0.00 0.36 0.36 
2 TC40/60-0-2 0 28 0.08 0.25 0.33 0.11 0.25 0.36 
2 TC40/60-0-2 0 52- irreducible 0.31 0.03 0.34 0.33 0.03 0.36 
3 TC40/60-0-3 0 10- saturation 0.00 0.34 0.34 0.00 0.34 0.33 
3 TC40/60-0-3 0 24 0.03 0.31 0.34 0.02 0.31 0.33 
3 TC40/60-0-3 0 29 0.06 0.28 0.34 0.13 0.20 0.33 
3 TC40/60-0-3 0 39 0.28 0.07 0.35 0.30 0.03 0.33 
1 TC40/60-25-1 25 saturation 0.00 0.34 0.34 0.00 0.39 0.35 
2 TC40/60-25-2 25 10- saturation 0.00 0.34 0.34 0.00 0.35 0.35 
2 TC40/60-25-2 25 27 0.21 0.13 0.34 0.21 0.14 0.35 
2 TC40/60-25-2 25 30 0.25 0.10 0.35 0.24 0.11 0.35 
2 TC40/60-25-2 25 50 - irreducible 0.30 0.06 0.36 0.30 0.05 0.35 
3 TC40/60-25-3 25 10- saturation 0.00 0.34 0.34 0.00 0.36 0.36 
3 TC40/60-25-3 25 27 0.16 0.19 0.35 0.19 0.17 0.36 
3 TC40/60-25-3 25 36 0.25 0.10 0.35 0.27 0.09 0.36 
3 TC40/60-25-3 25 57 – irreducible 0.28 0.05 0.33 0.29 0.07 0.36 
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4.6 Fitting the Image Experiments 
4.6.1 Capillary Head-Water Content Image Results 
 Each scan corresponds to a specific value of capillary head and water content. The water 
content was determined from image analysis. The capillary pressure-water content data results 
were then combined to determine Van Genuchten and Brooks-Corey parameters. The best-fit 
parameters from the analysis were compared with those obtained from the other 40/60 
experiments (Table 11) and plotted along with the best-fit curves of the Van Genuchten and 
Brooks-Corey in Figure 43. 
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Figure 43. Van Genuchten and Brooks-Corey best-fit curves for (I40/60-0-1 and 
I40/60-25-1) the image data obtained for both the 0% and 25%OTS wet 
for the 40/60 sand. 
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Table 11: Best-fit parameters results for the image data and for the similar 
drainage experiments using sand gradations 40/60. 
 
Accusand Grade System Exp Name θs θir α n hb λ 
Image Data (0%) I40/60-0-1 0.35 0.04 0.037 12 25 10 
40/60 (0%OTS) 40/60-0-avg 0.34(0.011) 0.03(0.012) 0.036(0.002) 12.0(0.82) 24.7(1.11) 9.2(1.52)
Image Data (25%) I40/60-25-1 0.34 0.05 0.045 5.0 16 2.9 
40/60 (25%OTS) 40/60-25-avg 0.36(0.017) 0.080(0.013) 0.048(0.004) 5.7(0.69) 13.6(1.72) 3.1(0.35)
 
 
 
 
4.6.2 Comparison between CMT Results and Drainage Experiments 
In order to check the validity of the resulting image data, the image data and curves, 
using the best-fit parameters, are plotted along with the capillary pressure-water content curves 
from the previous experiments. The image data are shown in big square dots in Figure 44 and 
Figure 45, indicating a very good match of the image data to experimental data for both the 0% 
and 25%OTS fractional wet sand.  
 Figure 46 is an example of the segmented images for both water-wet and 25% OTS sand. 
One may notice that the water content decreased as the drainage process proceeded, until 
irreducible water content was reached and there was no more water drain. The distribution of 
water content is not the same for both water-wet and the 25% OTS sand at similar capillary head 
values, due to the wettability differences.  
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Figure 44. The Van Genuchten best-fit image data with all the other experiments 
of all the same sand gradation for the 0%OTS wet-sand and image data 
(I40/60-0-1). 
0
10
20
30
40
50
60
70
80
90
100
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Water Content
C
ap
ill
ar
y 
H
ea
d 
(c
m
)
Image Data (I40/60-25-1)
VG Best-Fit Image Data
TC40/60-25-2
TC40/60-25-3
TC40/60-25-4
LC40/60-25-1
LC40/60-25-2
 
Figure 45. The Van Genuchten best-fit image data with all the other experiments 
of all the same sand gradation for the 25%OTS wet-sand and image 
data (I40/60-25-1). 
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 (a)                                             (b)                                         (c) 
 
 
 
  
(d)                                           (e)                                            (f) 
Figure 46. Water content variations for water-wet (a, b and c [TC40/60-0-3]) and 
25%air-wet (d, e and c [TC40/60-25-3]) 40/60 sand, at  capillary head 
and water content of (a) 24 cm and 0.31, (b) 29 cm and 0.28, (c) 39 cm 
and 0.07, (d) 27 cm and 0.19, (e) 36 cm and 0.10 and (f) 57 cm and 
0.05 respectively. 
 
 
 For example, Figure 46b and Figure 46d show the water content for the water-wet and the 
25% air-wet system to be at 27 and 29 cm capillary pressure, respectively. The water content in 
the 25% OTS system was lower than in the water-wet sand, which corresponds to the capillary 
pressure-water content curves for both systems (Figure 44 and Figure 45).  However, for the 
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same value of capillary head, the water content in the water-wet system was higher than the 
water content in the 25% OTS system. 
4.6.3 Summary Results for CMT and Drainage Experiments 
In summary, CMT was able to obtain in-situ measurements of phase distributions in 
porous media of different fractional wettability systems. The images show that for the 
completely water wet sand, most of the water was trapped as rings and small blobs; while in a 
fractional wet system, the water content was lower and larger water blobs were observed for 
similar water content.  
Hassanizadeh et al. (2002) indicated that water entrapment in the porous media in 
drainage process is because larger pores will drain first, resulting in an isolation of some water in 
smaller pores, due to the unavailable water paths in the system.  This path of drainage will cause 
a continuous air phase, resulting in unavailable water drainage paths. 
  As the fractional wettability increases, the capillary pressure-water content curve will 
become flatter for the uniformly distributed sands and less flat for the well-graded sand; the air 
entry value will decrease for all type of sand gradations, and the irreducible water content will 
increase for the uniformly distributed sand and decrease for the well-graded sand. 
As the percentage of the fractional wettability increases, the water prefers a snap-off 
process that requires more capillary pressure to produce the same amount of water in the water-
wet system and will result in more water entrapment at the irreducible. More water blobs will be 
isolated due to an increase of air-wet fraction porous media, which in turn results in grouping 
more blobs together to form larger blob sizes.  
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4.7 Slow-Fast Pressure Head Difference Experiments 
 In order to compare the impact of the drainage rate on the irreducible water content, two 
experiments were performed. One experiment required an application of multi-step (slow quasi-
static) capillary head increments, and the second experiment applied a one-step capillary head 
difference (fast). The value of the one-step head difference equaled to the total head difference 
required for the porous media to reach the irreducible water content in the multi-step experiment. 
The sand gradations used to perform these experiments was 20/30 mesh. 
 
Table 12: Fast and Slow drainage experiments data. 
 
Experiment System Exp Name % OTS Sand Porosity θir (Fast-One Step) 
θir (Slow-
Multistep) 
1 LC20/30-0-fast 20/30-0-avg 0 20-30 0.39 0.09 0.05 
2  LC20/30-25-fast 20/30-25-avg 25 20-30 0.38 0.11 0.07 
3  LC20/30-50-fast 20/30-50-avg 50 20-30 0.38 0.12 0.10 
 
 The results from the fast drainage experiments in Table 12 indicated that there were higher 
irreducible water contents in the one-step head difference experiments than in the multi-step 
experiments.  
 These results were due to several reasons. Drainage takes place in the connected larger 
pores filled with water, while the smaller pores will not drain completely, because they become 
disconnected to the bulk of the water phase; in turn, this result leads to higher irreducible water 
content. Some of the small pores will drain immediately, because they are exposed to high air-
phase pressure (due to the sudden change in the head), thus leaving the large pores disconnected 
and without draining.  Consequently, this action leads to a higher irreducible water content in the 
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porous media (Wildenschild et al., 1999, 2005). We were unable to scan the fast drainage 
experimental columns, due to a lack of time in the use of the CAMD facility. 
4.8 Numerical Modeling of Water infiltration and Drainage: 
Numerical modeling is becoming an increasingly important tool for analyzing complex 
problems involving water flow and contaminant transport in unsaturated zone.  Richards’ 
equation (1931) predicted fluid flow through unsaturated porous media. To solve for Richard's 
Equation, one needs the constitutive relationships between capillary pressure, water content, and 
relative permeability. Capillary pressure and water content are related through available 
functions such as the equations from Van Genuchten (1980) and Brooks–Corey (1966).  
 The important question in this research is whether the soil parameters obtained from the 
measured experiments could adequately represent the fractional wettability systems; that is, how 
would they perform as input parameters to numerical models when modeling the drainage 
process.  
The numerical modeling column was a 45 cm long column of different porous media and 
fractional wettabilities to match the drainage experiments performed. The column was assumed 
narrow enough so that no preferential flow will occur inside the column; the water phase front 
moves only in one dimension. In order to simulate the drainage process, the initial conditions 
consisted of a fully saturated media, free drainage at the bottom, and no ponded water at the top 
of the porous media  
 The soil hydraulic parameters used for modeling included the average values of all the 
experiments. The hydraulic conductivity for the simulated models was chosen, assuming that the 
OTS coating had no effects on the hydraulic conductivity values. The hydraulic conductivity for 
the 20/30 sand was 8.94 cm/min; 40/60 sand was 2.33 cm/min, and the well-graded sand is 5.45 
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cm/min. These values are from studies using either the same or similar media (Schroth et al., 
1996, Bradford et al., 2003, and O’Carroll et al., 2005). 
 The water front profile is measured over the depth of the column for a total time of 500 
minutes, assuming stable wetting front movement; that complete drainage achieved after 500 
minutes for all numerical simulation cases. Figure 47 is the schematic drawing of the column, 
showing locations of the observation nodes to measure the water content. The 101 observation 
nodes are distributed evenly all over the column.  Three readings were taken at the top, middle 
and the bottom. Results were output at 0, 5, 10, 250 and 500 minutes from the start of the 
simulation.  
 
Figure 47. Simulation experimental 1-D column in Hydrus-1D model (observation nodes). 
 
4.8.1 Impact of Wettability Change on Relative Permeability 
When more than one fluid exists in the porous media, the flowing fluids compete for the 
pore space; as a result, the mobility for each fluid is reduced. However, the reduction could be 
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quantified by multiplying the hydraulic conductivity with the relative permeability. Relative 
curves were obtained for the three sand systems, each at 0, 25 and 50% (Figure 48 through 
Figure 50).  
Relative permeability changes as the percentage of the fractional wettability changes, at a 
certain value of water content. For both 20/30 and 40/60 sands, the relative permeability for a 
given water content decreased as the percentage of the fractional wettability increased, whereas 
in the well graded sand, the reverse occurs. Relative permeability changes indicated that as water 
is decreased, the water will have fewer pathways. This action importantly explains why water 
entrapment increases as the fractional wettability increases. However, this is not the case for the 
well-graded sand, since the relative permeability increases as the percentage fractional 
wettability increases. 
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Figure 48. Relative permeability-water content for water-wet, 25%OTS and 
50%OTS 40/60 sand.  
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Figure 49. Relative permeability-water content for water-wet, 25%OTS and 
50%OTS 20/30 sand. 
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Figure 50. Relative permeability-water content for water-wet, 25%OTS and 
50%OTS well-graded sand.  
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4.8.2 Water Content with Time 
The distribution of the water content through the column with depth is depicted in Figure 
52 through Figure 53 for different wettabilities and different porous media gradations. It may be 
seen after 10 minutes that for the water wet 20/30 Accusand, the water content at the top layer of 
column surface reached its irreducible water content. The solution of the Richard’s equation was 
stable and smooth at the beginning of the modeling for indicated times 0, 5, 10 minutes, and then 
did not converge at later times, i.e., 250 and 500 minutes (Figure 51a). 
 In order to solve this problem, the pressure head tolerance and the water content 
tolerance for the model was changed to allow more freedom for the solution to be performed to 
reach a stable condition in solving for the water content distribution along the column depth. The 
reasons for not converging was due to high K value and uniform pore size distributions for the 
20/30 and 40/60 (water-wet) sands, as well as the high values of the Van Genuchten parameter n, 
which led to a fast, quick-water drainage. 
It can be seen from the figures that the irreducible water content was increased for the 
higher fractional-wet system. Also, the slope of the drainage curves became smoother and 
steeper in slope for the uniform sands of 20/30 and 40/60. The curves become less smooth and 
less steep for the well-graded sand. These data correspond with our results from the capillary 
pressure–water content relations. 
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(b) 
25%OTS- 20-30 Accusand
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(c) 
50%OTS- 20-30 Accusand
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Figure 51. Water content distribution along the depth of the column after 0, 5, 10, 
250 and 500 min of starting the drainage of the fully saturated column 
for (a) 0%, (b) 25% and (c) 50%OTS fractional wet 20/30 Accusand. 
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(c) 
50%OTS- 40-60 Accusand
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
0
0.
05 0.
1
0.
15 0.
2
0.
25 0.
3
0.
35 0.
4
Water Content
D
ep
th
 (c
m
)
0 min
5 min
10 min
250 min
500 min
 
Figure 52. Water content distribution along the depth of the column after 0, 5, 10, 
250 and 500 min of starting the drainage of the fully saturated column 
for (a) 0%, (b) 25% and (c) 50%OTS fractional wet 40/60 Accusand. 
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(c) 
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Figure 53. Water content distribution along the depth of the column after 0, 5, 10, 
250 and 500 min of starting the drainage of the fully saturated column 
for (a) 0%, (b) 25% and (c) 50%OTS fractional wet well graded 
Accusand. 
 
 92
 
4.8.2 Water Content versus Depth 
The water content breakthrough curves at top, middle and bottom layers of the column 
for different wettabilities and different porous media gradations are shown in Figure 54 through 
Figure 56. These data show that the water content at different layers is not the same for the 
porous media system. At the end of the drainage process, the top, middle and bottom water 
content curves did not reach the irreducible water content, even when the simulation ran for long 
time. The only curve that approximately reached the irreducible water content was the one at the 
top or surface of the porous media. This is due to different drainage processes of the bottom 
layers as compared to the top layers of the sample. Wildenschild et al. (1997) and Demond et al. 
(1991) reported this occurrence and found that the rate of discharge was the main reason for this 
phenomenon. 
It is interesting to notice that the well-graded sand began to behave similarly to the 
uniform sand as the fractional wettabilities porous media increased in the system, as shown in 
Figure 56b and Figure 56c, compared with the 20/30 system. This is because, as the fractional 
wet media increased in the well-graded system, the smaller pores, available for drainage, became 
unavailable for drainage.  Consequently, only the large pores would be mainly available for 
drainage or, already drained, would result in water entrapment in those small pores that were not 
connected to the bulk of water in the system. This was due to a new existence of the water 
repellant sand in the fractional-wet system, one that was not present in the water-wet system. 
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Figure 54. Water content distributions at top, middle and bottom layers of the 
column with respect to time for 40/60 Accusand (a) 0%, (b) 25% and 
(c) 50%OTS fractional wet. 
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Figure 55. Water content distributions at top, middle and bottom layers of the 
column with respect to time for 20/30 Accusand (a) 0%, (b) 25% and 
(c) 50%OTS fractional wet 
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Figure 56. Water content distributions at top, middle and bottom layers of the 
column with respect to time for well-graded Accusand (a) 0%, (b) 25% 
and (c) 50%OTS fractional wet. 
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4.8.3 Water Content Variations with Fractional Wettability Change  
The water content distribution, with time for 0%, 25%, and 50% OTS fractional 
wettability media at the top layer of the column, and with 40/60, 20/30, and well-graded 
simulations, is shown in Figure 57. As the drainage of the soil continued, the water content of 
soil decreased with time, until it reached a constant value. This constant value of water content 
was attained for soil types of different fractional wettabilities before 100 minutes for the top 
layer of the column; after that, no more water drained.  
The 20/30 sand column drained to irreducible water content for all the fractional 
wettabilities simulations within 15 minutes, while for the 40/60 sand, the column drained to the 
irreducible water content within 200 minutes. The well-graded column drained to the irreducible 
water content after 300 min, 25 min and 15 min for the 0%, 25% and 50% fractional wettability, 
respectively.  
Comparing the 40/60 with the 20/30 sand gradations for the same types of wettabilities, 
we can conclude that the 20/30 drains faster and reaches irreducible water content in a shorter 
time. This is due to larger pore sizes in the 20/30 sand, compared with the 40/60 sand gradations 
and higher relative permeability.  
The well-graded sand behaves in a more stable (uniform) manner when wettability is 
changed from 0% to 50% (Figure 57c). This can be explained as follows:  The smaller pores are 
unavailable to drain as the fractional wettability of the porous media increases, which leads to a 
uniform flow behavior in the porous media, faster drainage, and a sharper or steeper curve in the 
water content curve. 
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Figure 57. Water content distribution with time for 0, 25 and 50% OTS fractional 
wettability media at the top layer of the column for (a) 40/60, (b) 20/30 
and (c) well graded Accusand gradations. 
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4.8.4 Water Content Distribution Variations 
The distribution of water content along the column length after 10 minutes of simulation 
drainage time showed different values of wettabilities for 40/60, 20/30, and well-graded 
Accusand gradations, as shown in Figure 58. For the water-wet 40/60 Accusand gradation, after 
10 minutes of starting the simulation drainage from full saturation at θ=0.34, the water content at 
the surface of the column reached ~0.1 and then varied with depth until it reached 0.32 at the 
bottom of the column. For the 25% fractional wet media, the water content at the surface was 
0.16, while at the bottom of the column the water content was 0.3; for the 50% fractional wet, the 
water content at the surface was 0.2 and at the bottom 0.32 (Figure 58a). Also, it may be noted 
that the water-wet sand experienced faster drainage at the top of the column. However, later in 
the experiment, the 25% and the 50% fractional wet media were faster for the lower parts of the 
column that were reached. This shows that the overall column reaches the irreducible water 
content faster for soils that have fractional wettabilities, more than for the water-wet ones. In 
conclusion, faster drainage was attained as fractional wettability media increased. This may be 
seen more clearly in the 20/30 sand (Figure 58b).  
Figure 58 also shows that the distribution of water content along the depth of the column 
was not uniform, and crossed for different types of wettabilities of porous media at the same 
column depth-water content. These phenomena will not happen for a fluid in a standard, porous 
media. Thus, these phenomena will cause errors to numerical models, accounting for the flow 
and distribution of water in porous media, yet not accounting for the wettability in the porous 
media. The distribution of water content along the column length, after 500 min of drainage with 
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different values of wettabilities for 40/60, 20/30 and well-graded Accusand gradations, are given 
in Figure 59.   
 Figure 58 and Figure 59 also show that the water content was initially non-uniform at the 
early time of the simulation, and then afterward became uniform after water content distribution 
across the sample height at the late time (e.g. after 500 minute). Non-uniformity in water content 
distribution occurs when the flat part of the capillary pressure–water content curve is reached, 
where small changes in pressure are associated with large changes in the water content. At later 
times (250 or 500 minutes), when the steeper part of the capillary pressure–water content curve 
is reached and a large increase of the pressure head is associated with small changes in water 
content, the curve approaches uniform distribution across the sample height (Wildenschild et al., 
1997).  
 Wildenschild et al. (1997) indicated that the non-uniformity of water content distribution 
across the height of the sample is most critical in uniform porous media with a narrow pore size 
distribution, where a small change in capillary head tends to cause a large change in the water 
content. This is the case for the water-wet, or 0% OTS, 20/30 and 40/60 porous media, when 
compared to the well-graded sand, where wettability is not a factor. 
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(c) 
After 10min Drainage for Well Graded Accusand
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Figure 58. Distribution of water content along the column length after 10 min of 
starting the drainage with different values of wettabilities for (a) 40/60, 
(b) 20/30 and (c) well graded Accusand gradations. 
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(c) 
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Figure 59. Distribution of water content along the column length after 500 min of 
starting the drainage with different values of wettabilities for (a) 40/60, 
(b) 20/30 and (c) well graded Accusand gradations 
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4.9 University of Delaware (UDEL) Data Results 
The experiments performed in collaboration with faculty and students at the University of 
Delaware were designed to quantitatively analyze the granular packing, pore network structure 
and residual water distribution in fractionally wet, porous media. The details of the image 
analyzed are given in Table 13. 
 
Table 13:Image properties for the UDEL data, GBO, GBE and GBI are glass 
beads and S is sand. 
 
System Percent OTS 
Dimensions 
(# voxels 
X, Y, Z) 
Image Resolution 
[µm] 
Image Volume 
[mm3 ] 
Image 
Porosity of 
Subvolume 
[-] 
GBO_1 75 300*300*300 10.92 28.26 0.38 
GBO_2 75 300*300*300 10.92 28.26 0.38 
GBE_1 50 300*300*300 10.92 28.26 0.37 
GBE_2 50 300*300*300 10.92 28.26 0.36 
GBI_1 0 300*300*300 10.92 28.26 0.37 
GBI_2 0 300*300*300 10.92 28.26 0.38 
GBI_3 0 300*300*300 11.15 29.65 0.4 
GBI_4 0 300*300*300 11.15 29.65 0.4 
SI_1 0 300*300*250 11.10 24.46 0.36 
SI_2 0 300*300*300 11.10 29.79 0.37 
 
 
4.9.1 Solid Grains Data Results 
Thompson et al. (2006) described the algorithms used here to characterize the granular 
packing. Figure 60 is an image that shows segmentation of the individual grains for the sand 
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system SI_2. Each solid particle was uniquely identified. Table 14 summarizes the solid grain 
data analysis for the UDEL experiments. 
 The OTS coating affected the particle sizes, indicated from the inscribed radius (IR) of 
the solid grain data for the GBO_1 and GBO_2 systems, to be larger than the rest of the systems. 
The only difference for these systems is the greatest amount of OTS coating, i.e.,  75%, which 
indicates that the coating adds thickness to the O* systems solid particles (upon our knowledge, 
no references available for the thickness of the OTS coating). We can see that the sand in the 
UDEL systems has the smallest IR, largest ED, higher CN, and the highest AR. This is due to the 
non-uniformity of the sand grain shapes.  
 
 
 
 
Figure 60. Image of SI_2 solid grains showing each individual grain. 
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Table 14: Solid-grains data for the UDEL experiments (number in parentheses is 
standard deviation). 
 
Average IR Average ED Average SA Average AR  Average CN 
System Number [mm] [mm] [mm2] [-] [-] 
GBO_1 748 147(38) 336(79) 353,050 1.34 7.4 
GBO_2 751 146(44) 331(94) 337,585 1.32 7.3 
GBE_1 1,366 128(49) 290(105) 256265 1.37 6.2 
GBE_2 972 123(57) 282(127) 293,547 1.33 6.9 
GBI_1 822 139(31) 325(65) 387,116 1.37 8 
GBI_2 832 137(35) 317(78) 395,914 1.34 7.7 
GBI_3 848 137(38) 327(75) 358,555 1.46 7.3 
GBI_4 893 135(35) 319(69) 345,827 1.43 7.4 
SI_1 575 120(23) 356(75) 487,864 1.96 8.3 
SI_2 686 119(25) 355(82) 491,927 1.97 7.8 
 
 
 
Table 15: Solid-grains IR and ED for the UDEL experiments (number in 
parentheses is standard deviation). 
 
   Grain IR Grain ED 
System AVERAGE MIN MAX AVERAGE MIN MAX 
GBO_1 147(38) 10.92 205.3 336(79) 21.8 514.1 
GBO_2 146(44) 10.92 207.9 331(94) 21.8 490.4 
GBE_1 128(49) 10.92 205 290(105) 16.3 513.8 
GBE_2 123(57) 10.92 210 282(127) 16.3 522.2 
GBI_1 139(31) 10.92 199.7 325(65) 21.8 525.7 
GBI_2 137(35) 10.92 191 317(78) 16.3 465.5 
GBI_3 137(38) 11.15 204.3 327(75) 18.8 530.3 
GBI_4 135(35) 11.15 199.5 319(69) 16.7 495.8 
SI_1 120(23) 11.15 168.7 356(75) 22.2 553.3 
SI_2 119(25) 11.15 174.4 355(82) 16.6 479.9 
  
 
The porous media images of all the systems indicate good thresholding and segmentation 
for the images and a reasonable porosity value for all experiments; 0.38 ± 0.02. The grain 
effective diameter for the sand was the most non-uniform, (Table 14, Table 15, and Figure 61). 
This non-uniformity will affect the distribution of the pore-bodies-throat and blob sizes, in 
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addition to the water phase distribution in the media that may be affected by these changes. The 
E* system incorporated the smallest images, due to image artifacts, thresholding, and 
segmentation that caused the grains in the image to be divided into smaller sizes, and therefore 
higher in number. Results indicated that the porous media within the image domain was 
homogeneous and isotropic. 
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Figure 61.Cumulative occurrences for the distribution of grain effective diameter 
for the UDEL data experiments 
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Comparison of experiential data from sieve analysis calculations, i.e., the mean grain size 
diameter obtained from the image solid grains analysis, d50 = 0.359 mm and the uniformity 
coefficient (Ui = 1.44) for the 40/60 sand gradation, indicated a very good agreement between 
earlier experiments and those estimated from the analysis as shown in Figure 61 and Table 16. 
Reported sizes of the glass beads were 300 to 430 microns (personal communication, Jie 
Han, 2005). The cumulative effective diameter for the glass beads from image analysis showed 
that approximately 98% of the solid grains were below the 430 microns, which indicated good 
agreement between the reported results and the image analysis. 
 
 
Table 16: Solid grains parameters for the 40/60 gradations and those obtained 
from the image analysis. 
 Accusand 40/60 From Sieve Analysis 
ED_S1 
From Image Analysis 
ED_S2 
From Image 
Analysis 
Particle diameter, d50(mm) 0.36 0.37 0.37 
d60 0.39 0.38 0.38 
d10 0.27 0.26 0.26 
Uniformity Coe. Ui=d60/d10 1.44 1.44 1.44 
 
 
 
Figure 62 shows that the grains surface area for the sand was larger than the grains 
surface area for the glass beads. This indicates non-uniformity of the sand grain shapes. Figure 
64 indicates the non-uniformity of the sand systems, mostly elongated, when compared to the 
glass beads. The glass beads shapes are spherical, a minimum surface area among the other 
volume shapes. For these reasons, the sand grains will show the highest values of the aspect ratio 
and higher values of the coordination number, when compared to glass beads.  
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Figure 62. Cumulative occurrences for the distribution of grain surface area for 
UDEL experiments 
 
The analysis also indicated that all the systems, with the exception of the E* system that 
had some changes, are uniform. In addition, appropriate threshold values were used to segment 
the images and no changes were in the systems, according to the grain distributions. Therefore, 
the only differences between the experiments are the fluid distribution in the system, in addition 
to the suction head applied on each system. The E* system may have a segmentation problem 
due to image artifacts, which caused solid data analysis to be changed from the other systems; 
yet they all had the same solid grain sizes and distributions. This can be demonstratively shown 
in the grain coordination number curves (Figure 64). Smaller grain sizes and less number of 
larger grains in the E* system may be due to image segmentation and artifacts.  
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Figure 63. Cumulative occurrences for the distribution of grain aspect ratio for the 
UDEL data experiments 
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Figure 64. Cumulative occurrences for the distribution of grain coordination 
number for the UDEL data experiments 
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4.9.2 Pore Body-Throat Results 
Figure (65) displays an image of the pores in the sand system SI_2, which shows the 
delineation of each individual pore. Table 17 provides pore-body and pore-throat data for the 
UDEL experiments. The data indicated consistent values in the a) pore inscribed radius, b) pore 
coordination number, c) throat inscribed radius, and d) throat aspect ratio results for the glass 
beads and for the sand systems, respectively.  
Figure 66 through Figure 68 and the data in Table 17 collectively indicate that the sand 
pore body and throat inscribed radius are smaller than the rest of the glass beads data. That 
difference in the data is due to the shapes of the sand solid grains, non-uniform or mostly 
elongated, which will result in higher coordination numbers as explained in the solid grains 
analysis in the previous section. 
Both pore body and throat distributions are similar to distributions from other studies 
(e.g., Dullien, 1991 and Al-Raoush and Willson, 2005). The mean inscribed pore body size in 
our system is 55 µm (compared to 57.8 µm in the Al-Raoush and Willson, 2005), while the mean 
inscribed pore throat size is 37 µm (compared to 38.7 µm in the Al-Raoush and Willson, 2005). 
In addition, the mean pore throats aspect ratio is 0.63, compared to 0.63 in study of Al-Raoush 
and Willson (2005), which indicated good agreement with the literature.   
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Figure 65. Image of SI_2 pores showing Individual pores. 
 
 
Table 17: Pore-Body and Pore-Throat data for the UDEL experiments. 
 
 Pore Body Data Pore Throat Data 
System Number Average IR [mm] 
Average 
CN 
[-] 
Number Average IR [mm] 
Average 
Length 
[mm] 
Average 
AR 
GBO_1 3,133 56.1 5.9 18,520 39 643 0.64 
GBO_2 3,044 56.9 6.1 18,472 38 684 0.64 
GBE_1 5,101 52.0 6.1 31,349 33 843 0.61 
GBE_2 4,015 50.1 6.1 24,394 34 662 0.63 
GBI_1 3,501 53.0 6.5 22,799 34 642 0.61 
GBI_2 3,508 53.6 7.2 25,328 33 618 0.59 
GBI_3 3,389 58.4 5.8 19,558 41 651 0.66 
GBI_4 2,899 58.2 5.9 21,355 41 669 0.66 
SI_1 2,327 45.0 7.3 22,502 30 593 0.61 
SI_2 2,269 45.1 7.5 28,126 30 630 0.61 
 
. 
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Figure 66. Pore inscribed radius for the UDEL experiments. 
 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Pore Coordination Number
C
um
ul
at
iv
e 
O
cc
ur
en
ce
GBI_1
GBI_2
GBI_3
GBI_4
SI_1
SI_2
GBE_1
GBE_2
GBO_1
GBO_2
 
Figure 67. Pore coordination number for the UDEL experiments. 
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Figure 68.  Pore throat inscribed radius for the UDEL experiments. 
 
4.9.3 Water Saturation Results 
Table 18 shows the water saturation data for the UDEL experiments, where the total 
number of blobs refers to the number of disconnected water units (e.g., blobs, pendular rings, 
lenses, etc.), calculated by a connected component analysis. The systems of GBO*, GBE*, and 
(GBI_1 and GBI_2) were subjected to a suction head of 0.3-0.6 m, while the SI* and (GBI_3 and 
GBI_4) were subjected to a suction head of 1.2-2.0 m. The saturation for the hydrophobic glass 
beads that were subjected to the lower head section (GBI_1 and GBI_2) were higher than those 
subjected to the lower suction head for the same system (i.e., GBI_3 and GBI_4). 
 In comparing the water-wet glass beads systems with the sand systems (Table 18), we 
found that the sand systems had higher saturation. This is due to the roughness of the sand solid 
surfaces and the angularity of sand particles that cause higher water entrapment in the system. 
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Another reason for the higher saturation in the sand systems is the non-uniformity of the sand 
grain sizes (and resulting pore sizes) and the higher coordination number (Table 17).  
The volume of blobs is larger in the media of higher fractional-wet media, but fewer in 
number. For the 75% air-wet glass beads, including the 25% water-wet glass beads of the 
GBO_2 system, the number of blobs that occupy pore centers is 42 blobs, or 10.9% of the total 
number of blobs. Those blobs form 77.3% of the total volume of the blobs, while their average 
volume is greater than 7 times the average volume of the total blobs. In addition, the average 
pore inscribed radius (IR) for pores that have blobs at the center are smaller than the average; 
therefore, those pores will be the last pores to drain. 
The analysis of the water saturation data for the UDEL systems indicated that the total 
number of individual blobs was the maximum for the water-wet glass bead systems GBI*, and 
that these blobs were smaller than other systems. This outcome was expected, since most of the 
water trapped in the hydrophilic system was in the form of pendular rings, lenses, and single 
blobs. This was mainly due to the entrapment of water in the water-wet pores, due to surrounding 
air-wet pores that provided a channel for bypassing air. The total number of individual blobs was 
smaller for the system that had the highest percentage fraction of OTS coated beads, i.e., GBO*, 
and blobs with larger volumes. 
This analysis also explains why water volume percentage with blobs that occupy pore 
centers shows higher for water-wet sand systems (42.9 - 49.4), when compared to water-wet 
glass beads (9.5 – 18.7) in sieve analysis calculations (Table 18 and Table 19). The percent of 
water volume trapped as blobs occupying pore centers to a total volume of water is highest for 
the 75% OTS glass beads (65.7 – 77.3), with a lower amount for the 50%OTS glass beads ( 60.7 
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– 66.6), and showing the lowest percentage for water-wet glass beads (9.5 – 18.7) (Table 18; 
Table 19). 
Table 18: Water saturation data for the UDEL experiments.*Total number refers 
to the # of disconnected water units (e.g., blobs, pendular rings, lenses, 
etc). 
 
System Saturation Total Number* 
Average
Volume
[mm3] 
Average 
Surface 
Area 
[mm2] 
# 
Occupying
Pore 
Centers 
(OPC) 
Ave IR for
pores 
with blobs 
in 
center 
[mm] 
Ave IR  of 
Pores with 
blobs in 
center to 
Ave IR of all 
pores 
[-] 
Ave # PCN 
for 
Pores Filled
with Water
blobs/Ave 
PCN for all 
pores 
GBO_1 3.64 444 563,112 32,386 57 37.59 0.67 5.25/5.91 
GBO_2 3.44 385 834,676 43,764 42 38.42 0.68 5.95/6.07 
GBE_1 5.52 962 746,879 48,043 200 27.49 0.53 5.92/6.15 
GBE_2 5.62 917 483,522 31,921 98 29.03 0.58 5.51/6.08 
GBI_1 7.30 3588 275,140 22,602 103 23.26 0.44 4.04/6.51 
GBI_2 8.05 3161 260,043 21,297 134 21.36 0.40 3.99/7.22 
GBI_3 2.07 3115 186,520 15,154 133 24.45 0.42 2.90/5.77 
GBI_4 3.60 3618 159,637 12,914 115 24.62 0.42 3.29/5.87 
SI_1 15.90 2231 637,120 41,926 399 23.35 0.52 4.28/7.31 
SI_2 17.46 2476 781,726 50,153 460 23.85 0.53 4.52/7.50 
 
Figure 69 and Figure 71 show the individual blobs in three different fraction-wet systems. 
It can be seen from these figures that the entrapped water in the 75% OTS system (GBO_1, 
Figure 69) is mostly in the form of large blobs that occupy a pore. A few pendular rings also can 
be seen in the system. This is expected, since most of the water trapped in the hydrophilic system 
is in the form of pendular rings, lenses, and single blobs. This is mainly due to the entrapment of 
water in the water-wet pores, due to surrounding air-wet pores providing a channel for bypassing 
air.  
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Figure 69.  3-D view for blobs in 75% air-wet sand system, GBO_1. 
 
The image of the 50% OTS system (GBE_1, Figure 70) shows a large number of smaller 
blobs with more rings.  
 
 
Figure 70. 3-D view for blobs in 50% air-wet sand system, GBE_1 
 
Finally, a large number of rings and smaller blobs can be seen in the image of the glass 
beads water-wet system GBI_4 (Figure 71), whereas higher saturation can be seen for the sand 
system SI_2 (Figure 72). 
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Figure 71. 3-D view for blobs in water-wet glass beads system, GBI_4. 
 
 
 
 
 
 
 
Figure 72.  3-D view for blobs in water-wet sand system, SI_2. 
 
 
 
 
 117
Table 19: Water saturation data for UDEL experiments. 
 
System Saturation [-] 
Ave. # of 
pores 
occupied by 
wetting 
phase “blobs” 
Percent of 
Total 
Number of 
Water 
Phase 
Components 
Ratio of Blob 
in 
Pore Center 
Volume to 
Ave Blob 
Volume 
Percent of 
Water Volume 
trapped 
as Blobs in Pore 
Centers to Total 
Volume of Water 
GBO_1 3.64 2.2 12.8 5.1 65.7 
GBO_2 3.44 3.1 10.9 7.1 77.3 
GBE_1 5.52 1.9 20.8 2.9 60.7 
GBE_2 5.62 2.2 10.7 6.2 66.6 
GBI_1 7.30 1.2 3.3 2.9 9.5 
GBI_2 8.05 1.1 3.7 2.6 9.8 
GBI_3 2.07 1.2 4.3 3.9 16.7 
GBI_4 3.60 1.1 3.2 5.9 18.7 
SI_1 15.90 1.3 17.9 2.4 42.7 
SI_2 17.46 1.5 18.6 2.7 49.4 
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Figure 73. Pore inscribed radius for the hydrophilic glass beads for the pore 
bodies filled with water at the pore centers. GBI system is water-wet 
glass beads, GBE system is 50% air-wet glass beads and GBO system 
is 75% air-wet glass beads. 
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Figure 74.  Pore Throats filled with water for the 0, 50 and 75% air-wet media. 
 
Fraction of Pore Bodies Filled with Water
Hydrophillic Glass Beads and Sand
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Pore Inscribed Radius (micron)
Fr
ac
tio
n 
Fi
lle
d
GBI_1
GBI_2
GBI_3
GBI_4
SI_1
SI_2
 
Figure 75. Pore Inscribed radius for the hydrophilic glass beads; GBI*, for the 
pore bodies and sand; S*, filled with water at the pore centers. 
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Figure 76. Pore Throats Inscribed Radius for the Hydrophilic Glass beads and the 
Sand for the pore throats filled with water. 
 
Figure 73 and Figure 74 show the fraction of the pores of a certain inscribed radius that is 
occupied by water. In the water-wet system, the water is primarily found in the smaller pore 
sizes. As the system becomes more fractionally wet, the fraction of the smaller pores filled with 
water decreases, although some of the larger pores still contain water. As the percentage of the 
OTS coated media increases, the water will prefer to locate in the larger sizes. This can be shown 
from the pore distribution of the fraction of pores inscribed radius for pores filled with water at 
the pore centers (Figure 73 and Figure 74).  
Figure 75 shows the fraction of the pore bodies of a given size filled with water, for both 
the hydrophilic glass beads and sand systems. Overall, the distributions are fairly similar; 
however, the sand systems occupy a higher fraction of the larger pores, due to the higher 
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irreducible water content. This same trend may be seen when plotting the fraction of the pore 
throats of a particular radius, filled with water (Figure 76).  
Referring to the pore throats data, Figure 74 shows the distribution of the throat-inscribed 
radius that the water blobs occupy for the water-wet glass beads, GBI system; 50% air-wet glass 
beads, GBE system; and the 75% air-wet glass beads; GBO system. In the water-wet system, 
most of the water was distributed in a smaller fraction of throats, because water is the most 
wetting phase in the system, while air is the most nonwetting phase. As the percentage of 
fractional-wet media increased in the system, the larger pore throats began to fill.  
As the fraction of air-wet media in the system increases, the blobs become more 
entrapped in individual pores or pore centers. When the fraction of the air-wet media decreases, 
the water will distribute as pendular rings, bridges, and lenses between the throats. Bryant and 
Johnson (2003) indicated that in a high connectivity medium, the water would trap as pendular 
rings and liquid bridges with a low value of irreducible water saturation. 
For the 50% OTS coated glass beads systems (E*),  the water was trapped in individual 
pores, pendular rings, and liquid bridges at grain contacts and as lenses in pore throats, with a 
low value of irreducible water content. As indicated from the literature, these findings contribute 
to an intermediate connectivity media, e.g., Bryant and Johnson (2003). The sand systems 
contributed to a low-connectivity system in which water was trapped as rings/bridges and lenses 
in pore throats, found between drained pores where the irreducible water content was high. 
Figure 77 shows the number of pores occupied by a blob distribution. Note that the GBO 
system (approximately 60% of the blobs) occupied one pore only, and the GBE system 
(approximately 70% of the blobs) occupied one pore only; whereas the GBI system, 
(approximately 90% of the blobs) occupied one pore only. The sequence in curves for the 
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number of pores occupied by a blob is similar. This data also indicates that as the fractional 
wettability in the system increased, the volume of the blobs became larger and occupied more 
pores. 
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Figure 77. Number of pores occupied by a blob at the pore center for the UDEL 
data. 
 
4.9.4 Surface Area Calculations 
Specific surface areas can be calculated from the thresholded image for the grain, 
capillary trapped water, and air phases. The values, together with the specific surface area of 
capillary-trapped water (Figure 78), are given in Table 20.  
Table 20 indicates that as the fractional wettability increases, the specific surface area 
decreases. As the fractional wettability of a system increase, the blobs will become larger, which 
in turn will have less surface area than multiple small blobs having the same total volume. Note 
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that the water specific surface area is larger for the sand system than for the glass beads (water-
wet types). This supports the conclusion that the solid-grain shapes of the sand system affect the 
distribution of the water in the system, such as a smaller blob size that is higher in number. 
The SSA for the wetting-nonwetting phase in the system ranges from 0.5 cm-1 for the 
75% OTS system to 9.5 cm-1 for the wetting phase system. These numbers seem smaller, given 
the range of values calculated, and using CMT with developed algorithms by Al-Raoush and 
Willson (2005), and experimentally (Saripalli et al.,1997a, b and Zhang et al., 2002); by using a 
pore network model (Held and Celia, 2001); and by using a pore-morphology-based model to 
simulate primary drainage (Dalla et al., 2002). This result warrants further investigation. Zhou 
and Blunt (1998) estimated the probability of forming four types of pores, based on the 
assumption that the pore has a triangular shape. If one side of the triangle represents grain 
surface, considering f as the fraction of oil-wet sand, then the probability of having oil-wet 
surface(s) is plotted in Figure 78. 
Table 20: Surface area calculations for the glass beads and the sand systems. 
 
System 
Grains SSA, 
ss 
[1/cm] 
Saturation 
[-] 
Water Phase 
SSA, sw 
[1/cm] 
Air Phase 
SSA, sa 
[1/cm] 
Water/Air SSA, saw 
(no films) 
[1/cm] 
GBO_1 90.4 3.64 5.1 86.3 0.5 
GBO_2 89.9 3.44 6.0 85.6 0.9 
GBE_1 94.6 5.52 13.1 87.3 2.9 
GBE_2 92.6 5.62 10.40 85.6 1.7 
GBI_1 96.6 7.30 28.7 87.0 9.5 
GBI_2 98.3 8.05 23.8 87.5 6.5 
GBI_3 93.8 2.07 15.9 89.6 5.8 
GBI_4 95.9 3.60 15.8 92.3 6.1 
SI_1 105.0 15.90 38.2 82.1 7.7 
SI_2 106.7 17.46 41.7 79.9 7.5 
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Table 21: probability of having air/water surfaces (Zhou and Blunt 1998). 
 
Completely water-wet 
 
 
Completely air-wet 
  
Two water-wet sides, one air-wet side 
 
 
One water-wet side, two air-wet sides 
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Figure 78. Probability of water/ air wet surfaces with respect to the fraction of 
Air-wet media in the system. 
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 124
4.9.5 Connectivity of Flow Pathways 
In a fractional, wet, porous system, pores are completely water-wet, completely air-wet, 
or fractionally wet. Three main processes control the residual water saturation; these are (a) 
snap-off water in air-wet pores, (b) isolation of completely water-wet pores by air-wet pores, and 
(c) retention of water in water-wet corners. 
For a high percentage of fractional wettabilities systems, the air-wet pores will drain first, 
followed by the fractional wet pores and finally, the water-wet pores. This will result in the 
water-wet pores trapping the water. In addition, there will be irreducible water in the water-wet 
corners. Once the surrounding air-wet pores are invaded by air, water becomes trapped in the 
isolated water-wet pores. For low values of fractional air-wet pores, the irreducible water 
saturation is mainly due to the preservation of water in the completely water-wet corners. The 
water will be isolated if the air-wet pores form a continuous path of air around the pores For 
intermediate values of fractional wettability, all the mechanisms contribute to the residual water 
saturation: Both water-wet and air-wet pores can form connected pathways, and some of the 
water-wet pores will be isolated by air-wet pores (Zhou and Blunt, 1998). 
Figure 79 shows the blobs in water-wet glass beads. The system mainly has many small 
rings and lenses. Figure 80 shows the water-wet sand system. The water found in the system was 
mostly in rings, or bridges and lenses with high, irreducible, water content. Figure 82 shows the 
image for the “O” system, with 75% air-wet glass beads and 25% water-wet glass beads, 
showing as larger blobs with little or no rings. 
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GBI_1                                                                        GBI_2 
  
GBI_3                                                                           GBI_4 
Figure 79. Glass beads images for water-wet system; GBI_1, GBI_2, GBI_3 and 
GBI_4 
 
    
SI_1                                                                             SI_2 
Figure 80. Sand images for water-wet system, SI_1 and SI_2. 
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b2-jun1                                                                       b6-jun1 
Figure 81. Glass bead images for b2-jun1 and b6-jun6 experiments. 
 
 
 
GBO_1 
Figure 82. Glass beads image for 75% air-wet system, GBO_1. 
 
4.9.6 Water Phase distribution Summary 
There are some errors associated with the results. These errors are related to thresholding 
and segmentation, or the ability to properly separate the individual phases to accurately capture 
the fluid distributions in the system. Previous work done by Al-Raoush and Willson (2003) on 
different systems of porous media indicated that the high phase contrast, the characteristic size of 
the feature relative to the resolution, and the ability to obtain REV-sized volumes make the 
calculations of porosity good to within a couple of percentages. 
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In the GBO system, 75% air-wet glass beads and 25% water-wet glass beads have larger 
blobs with little or no rings. In the water volume, 70% were found as blobs. The GBE system 
(50% air-wet glass beads and 50% water-wet glass beads) has blobs that were slightly smaller 
than the GBO system data, with a smaller, inscribed radius for pores that have water at the pore 
centers. The GBI system (0% air-wet glass beads and 100% water-wet glass beads) showed that 
the water blobs were larger in number and smaller, and that the percentage of the total water 
volume made up by the blobs was less than 20%. Images of different types of the systems 
showed a qualitative difference in how the water was distributed.  
As the fraction of air-wet porous media increased, the water was trapped more in the 
larger pore sizes and throats, and the blobs extended across more pores. In addition, the average 
pores coordination number for the pores with water occupying the center became closer to the 
overall average pores coordination number. Also, the percentage of the total water volume 
trapped in blobs became larger, and the specific surface area (SSA) became smaller, because 
larger blobs have smaller specific surface areas. The surface area between the air and water (not 
including films) will be smaller.  
 The data analysis for the sand system showed more water trapped as blobs in pore centers, 
becoming more trapped in smaller pores with lower coordination numbers. Theory and 
experiments predicted higher values of residual water content at intermediate values of 
fractional, air-wet, porous media in the system, expecting large water clusters due to isolation of 
water-wet pores by the air-wet pores. 
However, the sizes of the images in these experiments were suspected to be non-
sufficient in providing REV for an estimation of the bulk properties of the residual saturations 
and interfacial areas (e.g., Knackstedt et al., 2001). Pore network simulations by Knackstedt et 
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al. (2001) reported that measurement of residual saturations in a correlated pore network will not 
give good estimates of the bulk value. The study suggested that measurements of the residual 
saturations be made on sample sizes at least 10 times larger than the extent of the correlated 
heterogeneity, which can be several millimeters in our systems. 
4.10 Three-Phase System Data Analysis 
 The three-phase-system experiments data reported in this section are the images taken at 
the level of irreducible water content and residual oil content for 40/60 sand gradations and 
different types of soil wettabilities. These images consist of three systems which are a) 
UNSATA,  100% water-wet (hydrophilic), b) UNSATB, 50% air/oil-wet (hydrophobic) and c) 
UNSATC,  25% hydrophilic beads and 75% hydrophobic. 
  The columns were Scanned at 10.92 micron resolution at three energies levels; the first at 
33.069 keV (below iodine and Cs edges); the second at 33.269 keV (above iodine edge to show 
oil); and the third at 36.085 keV (above Cs edge to show water). The analysis of the tomographic 
data for the three-phase flow experiments was accomplished for imaging (Table 22), solid grains 
(Table 23), pore characterizing (Table 25 and Table 26), and water and oil distribution (Table 27 
through Table 29). 
Table 22: Image properties for the Three phase experiments data. 
 
 
System 
Percent 
OTS-Coated 
Image Size  
(# voxels 
X, Y, Z) 
Image 
Resolution 
[µm] 
Image Volume 
[µm3] 
Porosity of 
Subvolume 
[-] 
UNSATA 0 300*300*300 10.92 28.26 33.72 
UNSATB 50 300*300*300 10.92 28.26 36.11 
UNSATC 75 300*300*300 10.92 28.26 36.45 
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4.10.1 Solid Grains Results 
 Table 23 summarizes the solid grain data analysis for the three-phase experiments; the 
thresholding and segmentation of the 75% OTS system (UNSATC) showed the largest grain 
inscribed radius and volumes. This is due to the noise that multi-phases will add, and are 
involved in a system that tends to thwart good thresholding and segmentation to affect the results 
obtained. 
 
Table 23: Solid-grains data analysis for the three-phase experiments. 
 
System Number Volume * 10
4 
[µm3] 
IR 
[µm] 
ED 
[µm] 
SA*103 
[µm2] 
AR 
[-] 
CN 
[-] 
 # average average average average average average 
UNSATA 1242 1799 113 330.2 299 1.8 6.88 
UNSATB 1224 1835 113 330.3 307 1.8 6.63 
UNSATC 1182 1971 120 343.6 289 1.8 6.82 
  
The OTS coating changed the sand particles surfaces wettability from water-wet to 
intermediate-wet, leading to a decrease of the contact angle for the coated system. This will 
affect the fluid distribution in different systems of fractional wettabilities. Figure 89 shows the 
effective grain diameter (GED) for the three systems and the UDEL experiments, showing that 
the GED for the UNSATC system is the largest, compared to other systems.  
Comparing the sieve analysis with the image size analysis results (Table 24) indicates a 
good agreement in the mean grain size diameter (d50) (6% difference) and the uniformity 
coefficient (Ui ) (25% difference). The differences in the Ui  are due to the comparison made for 
the sand used in the three-phase experiments, made with other experiments using the same size 
range; resulting in a dissimilar gradation distribution.  
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Table 24: Solid grains parameters for the 40/60 sand and the three-phase experiments. 
 
 
  Accusand 40/60 UNSATA UNSATB UNSATC 
Particle diameter, 
d50(mm) 
0.36 0.34 0.36 0.355 
d60 0.39 0.356 0.36 0.365 
d10 0.27 0.185 0.195 0.2 
Uniformity Coe.  
Ui=d60/d10 
1.44 1.92 1.85 1.83 
 
 
 
Figure 84 through Figure 86 indicated that the grain surface area, grain aspect ratio, and 
grain coordination number distributions are approximately the same in all the three systems. 
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Figure 83. Cumulative grain surface areas analyses for the three-phase system 
experiments. 
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Figure 84. Cumulative grain aspect ratios for the three-phase system experiments. 
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Figure 85. Grain coordination numbers for the three phase system experiments. 
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Figure 86 and Figure 87 indicated that there are some differences between the solid 
grains analysis for the three-phase systems and the UDEL. These differences may due to the 
variations in distributions and aspect ratio for both systems. These results reflect the average 
grains coordination number (GCN) and grains aspect ratio (GAR) for the system, as shown in 
Table 25 and Table 26.  
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Figure 86. Grain coordination number for the three phase system experiments and 
the UDEL experiments. 
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Figure 87. Grain aspect ratio for the three phase system experiments and the 
UDEL experiments. 
 
 
Figure 86 through Figure 90 also show that the three-phase grain data behave similarly to 
the sand system in the UDEL data, yet not similarly to the glass beads (Figure 61 through Figure 
64). Although there are some changes in the sand particles number, the uniformity coefficient, 
and the sand particle sizes, the curve shapes in these figures are the same as the sand systems. 
These similarities are an indication that the solid grain analyses were consistent and the results 
obtained will be reflected in the variations in fluid distributions between the two systems. This 
will be reflected in the variations in fluid distributions between the two systems. 
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Figure 88. Grain surface area for three phase system experiments and UDEL 
experiments. 
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Figure 89. Grain effective diameter for three-phase and UDEL experiments. 
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Figure 90. Grain inscribed radius for three phase system experiments and UDEL 
experiments. 
 
4.10.2 Pore Body Results 
Table 25 and Table 26 show the pore-body and pore-throat data for the UDEL 
experiments, whereas Figure 91, Figure 92, and Table 24 show that the sand pore bodies display 
the same sizes of the pore bodies inscribed radius (IR) and the same pore bodies coordination 
number (CN) for all sands in the three-phase experiments. This indicates that solid grains sizes, 
orientations, or shapes will not affect the water/oil distribution. The changes in the experiments 
are due to the fluid flow characteristics and distributions in the experiments. The UNSATC 
system had the lowest porosity value because it had the largest grain sizes and as a result smaller 
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pore bodies and throats. The more number of grains in the system, with approximately the same 
volume, will result in a lower pore-body coordination number. This may be shown in a 
comparison of the results listed in Table 17 for the UDEL experiments with the results in Table 
24 for the three-phase experiments. The variations in the experiments were due to the fluid flow 
characteristics and distributions in the experiments. 
 
Table 25: Pores data for the Three-phase experiments. 
 
Pores Body Data 
System Number Porosity [-] 
Volume * 104 
[µm3] 
Average IR 
[µm] 
Average CN
[-] 
UNSATA 6730 36.45 190 46 5.04 
UNSATB 6909 36.11 184 45 5.09 
UNSATC 6688 33.72 177 44 4.82 
 
 
 
 
Table 26: Throats data for the Three-phase experiments. 
 
 Pore Throat Data 
Average IR Average Length Average 
[µm] [µm] AR System Number 
   
UNSATA 32582 34 187 0.67 
UNSATB 33764 34 185 0.67 
UNSATC 30864 33 182 0.68 
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Figure 91.  Pore inscribed radius for the three phase system experiments. 
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Figure 92. Pore coordination number for the three phase system experiments. 
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 As indicated earlier, the three-phase experiments had smaller solid grains and volumes 
than the solid grains in the UDEL experiments. This effect of smaller solid grains and volumes 
affected the pore sizes in the three-phase system, as shown in Figure 93.  All the curves appear to 
have the same slope and no significant variations in the solid grain and pores sizes analysis. The 
only differences will be the water, oil and air distributions in each system. 
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Figure 93. Pore inscribed radius for the three phase system experiments and the 
UDEL experiments. 
 
4.10.3 Water Saturation Results 
The water saturation results for the three-phase systems (Table 27 and Table 28) 
indicated that the total number of separated blobs (found as blobs, pendular rings lenses and 
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liquid bridges) was the maximum for the water-wet systems (UNSATA) and the smallest number 
for the 75% air wet system (UNSATC). 
Table 27 and Table 28 summarize the properties of the irreducible wetting and the residual 
nonwetting fluids. Based on the experiments and from the pore scale physics of multi-phase flow 
in porous media and correlations, there are several things that we would expect to observe:  
1.  According to Lowry and Miller (1995), most of the nonwetting phase should be trapped in the 
largest pore bodies with little or none in the smallest pore bodies, whereas the wetting phase will 
be trapped mostly in the smaller pore bodies. This can be seen in the UNSATA system where it 
have the highest number of blobs that have the lowest volume;  
2.  Due to the snap-off mechanism, the trapped fluid phase would be in regions of low aspect 
ratio (Wildenschild et al., 2001); and  
 3.  The coordination number may have an impact on the trapping of residual nonwetting phase; 
e.g., bypassing and piston-like pore filling (Fenwick and Blunt, 1998). All the three phase 
systems were approximately had the same aspect ratio. As the OTS percentage media increased 
in the system, the more probability that the pore surfaces will be hydrophobic (Figure 78) that 
resulted in lower contact angle in the system which resulted in more drainage for the same 
capillary pressure on the system. The sizes of the blobs that occupy the pore centers are larger as 
the fraction of the OTS porous media increases.    
The number of blobs in the water-wet three-phase flow experiment (UNSATA) is lower than 
the UDEL experiments. This is because the UNSATA system had three-phases (oil, water and 
air) while the UDEL experiments had only two phases (water and air). The same trends were 
reported for the water distribution in the three-phase experiments as the UDEL experiments. 
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These blobs (found as blobs, pendular rings lenses, etc.) had larger sizes in terms of the 
number of pores that a blob occupied as the system changed from hydrophilic to hydrophobic, or 
as the fractional-wet porous media increased in the system. The 75% hydrophobic system 
displayed the largest number of pores occupied by blobs. The 50% hydrophobic system had a 
smaller number, and the water-wet system had the smallest number of pores inside the blob. This 
indicated that the sizes of the blobs that occupy the pore centers were getting larger as the 
fraction of the OTS coated porous media increased.    
 
 
Table 27: Water/Oil data analysis in three-phase experiments. 
 
System Water Blobs 
  Sat Blobs Avg Vol Avg Pores Avg SA 
      *10^6 In Blob *10^5 
   # [µm3] # [µm2] 
UNSATA 0.11 1391 3.1 1.2 (5) 2.4 
UNSATB 0.3 769 5.2 3.7 (94) 2.8 
UNSATC 0.14 605 10.6 2.7 (23) 5.7 
System Oil Blobs 
  Sat Blobs Avg Vol Avg Pores Avg SA 
      *10^6 In Blob *10^5 
   # [µm3] # [µm2] 
UNSATA 0.54 900 7.6 4.2 (123) 3.1 
UNSATB 0.28 231 15.3 10.7 (149) 6.5 
UNSATC 0.6 166 42.6 26.4 (337) 15.2 
 
 
 
 
 
 
 
 
 
 
 
 141
Table 28: Water/Oil data analysis in three-phase flow for Blobs other than the 
Maximum one in each system. 
 
System Water Blobs (Averages without the Max Blob) 
  Blobs # Pores in Avg Vol Avg Pores Avg SA 
    Max Blob *10^6 In Blob *10^5 
  # # [µm3] # [µm2] 
UNSATA 1390 88 1 1.1 (4) 0.8 
UNSATB 768 2596 4.9 0.38 (5) 2.3 
UNSATC 604 404 2.7 2.0 (17) 1.5 
System Oil Blobs (Averages without the Max Blob) 
  Blobs # Pores in Avg Vol Avg Pores Avg SA 
    Max Blob *10^6 In Blob *10^5 
  # # [µm3] # [µm2] 
UNSATA 899 3695 0.3 0.1 (0.5) 0.3 
UNSATB 230 2268 3.8 0.9 (4) 1.8 
UNSATC 165 4343 1.9 0.3 (1) 0.8 
 
 
 
 
 
Table 29: Number of pores occupied by water in the three-phase experiments. 
 
Number of Pores Occupied by Water and Oil 
  UNSATA UNSATB UNSATC 
Number of pores Water Oil Water Oil Water Oil 
 Frequency Frequency Frequency Frequency Frequency Frequency 
1 1193 888 752 201 555 154 
2 60 7 4 12 17 5 
3 40 1 4 4 5 1 
4 19 1 3 4 7 2 
5 9 1 1 1 1 2 
6 15 0 0 1 3 0 
7 3 0 0 0 2 0 
8 6 0 0 0 1 0 
9 4 1 0 2 0 1 
10 7 0 1 0 4 0 
More 34 0 3 5 9 0 
 
 
 
In referring to Table 27 through Table 29 and Figure 108, apparently the water-wet 
system (UNSATA) is composed of 900 oil blobs and 1391 water blobs. This result was expected 
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for the water-wet media, since the water will be distributed in smaller pore sizes and forms 
smaller blob sizes than the fractional-wet systems. The average volume and the average surface 
area of the oil blobs were much larger than the water blobs in this system, which supported the 
previous argument. The data analyses listed in Table 29 and Figure 94 supported the idea that 
most of the water filled blobs, found as individual blobs, occupied only one pore of the water-
wet system. For example, 1193 water blobs occupied only one pore in the water-wet system 
(UNSATA), whereas 752 water blobs occupied only one pore for the 50% OTS system 
(UNSATB).  
For the 50% air/oil-wet system (UNSATB), the number of water blobs decreased and 
their volume, average surface area, and average number of pores occupied, increases. This is 
because the water will form larger blobs to occupy the larger pore sizes and throats. In addition, 
the water blobs will form larger blob sizes in the fractional wettability system, than in the water-
wet system. The same argument could be said about the oil distributions in the UNSATB 
fractional-wet system (50% air/oil-wet). This system is considered as an intermediate 
connectivity system, according to Zhou and Blunt (1998), in which all types of entrapments, 
preferential flow, and pore wettabilities are involved. These results are consistent with the UDEL 
results. 
  In most of the three-phase systems, a large blob extends and occupies approximately one 
third of the whole volume. The largest blob is suspected to affect the averages and the results of 
the other blobs statistics. Excluding the largest blob from the system, the results were the 
following: no significant change in the water blob properties, some changes in the oil blob 
properties, and no real change in analysis trends (Table 28 and Figure 96). 
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Figure 94. Number of pores occupied by a blob (all the pores) for the three phase 
system experiments. 
 
A comparison of the distribution of the three phases (water, oil and air) in these 
experiments indicated that the water in the water-wet system (UNSATA) filled the smaller pore 
sizes more than the 50% air/oil-wet system (UNSATB). Figure 96 and Figure 97 show that the 
water curve distribution shifted towards the larger PIR pores as the fractional wettability media 
(OTS sand) increased. The water started to prefer occupying larger pore sizes as the fractional 
wettability media (OTS coated sand) increased in the system while the oil started to prefer 
occupy the smaller pore sizes as the fractional wettability media (OTS coated sand) increased in 
the system. 
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Figure 95. Number of pores occupied by a blob (Other than the maximum blob 
for each system) for the three phase system experiments 
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Figure 96. Pore inscribed radius for the 100% water-wet system (A_UNSAT) for 
the three phase system experiments. 
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Figure 97. Pore inscribed radius for the 75% water-wet system (B_UNSAT) for 
the three phase system experiments. 
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Figure 98. Pore inscribed radius for the 25% water-wet system (C_UNSAT) for 
the three phase system experiments. 
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The water saturation in the water-wet system is less than water saturation in the 50% air-
wet system. This is because the air-wet pores will drain first in the drainage process, then the 
fractional-wet pores are followed by the water-wet pores. This process will result in trapping 
more water in the fractional-wet pores, for several reasons.  
1. Air entrapment in the pores.  
2. The disconnecting of the water paths, due to continuous air paths in the system, which results 
in the water-wet pores to be isolated because of the drainage of the air-wet pores. 
3. When the water in the larger pores becomes drained, then the water in the smaller ones will 
need more pressure to drain, resulting in the possibility of no drainage for the small pores. 
4. More water blobs will be grouped together to form larger isolated blobs, due to insufficient 
water paths to drain.  
The same arguments may be applied for the oil entrapment in the three-phase experiments 
because oil also drained by air in the three-phase experiments with the differences in the oil 
preferably of the OTS coated sand. 
From the results obtained from the drainage experiments, it is expected that the residual 
oil saturation will increase with the percentage increase of the air/oil-wet sand in the column. 
This was true for the 0% and 50% air/oil-wet media systems, yet this is not the case for the 75% 
OTS system experiment. Most of air/oil-wet media system may not have the representative 
column size to perform the three-phase flow experiments. Importantly, the irreducible water 
content, expected to be more in the air/oil-wet system, increases as the fractional wettability 
media increases. The same arguments can be said for the oil and air entrapment in the 75% 
hydrophobic system.  
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4.10.4 Water, Oil and Air Phase Entrapment Mechanisms  
The final distribution of water, oil, and air depends on the connectivity of the fluids in 
different pores. Three-phase flow experiments involve three types of media.  First, in the water-
wet system, all the pores are water-wet. The air becomes isolated and trapped, since it is the most 
nonwetting phase in the three phases; in addition, water will hinder the oil from wetting the sand 
(Morrow, 1975). The water is distributed in the small pores and throats, while the oil is 
distributed in the larger pores.  The air will occupy the largest pores, since air is the most 
nonwetting fluid in the system. In water-wet porous media systems (as shown in Figure 99a), oil 
preferentially invades the intermediate-sized pores, while water and gas are presented in the 
smaller and the larger pores, respectively (Helland et al., 2004). 
Second, in the fractional wet systems, water will hinder the oil from wetting the solid 
surfaces; as a result water is isolated and responds by forming a layer around and between the air 
and the oil; this response is because the pores are water-wet and air/oil-wet pores. The water will 
distribute into the larger pores, and larger water blobs are expected more in the fractional-wet 
media system. The same result and arguments are expected for the oil distribution, because the 
oil is considered an intermediate wetting, and the air is the most nonwetting fluid. In weakly oil-
wet porous systems (contact angle range is 70-110o) as shown in Figure 99b, water will 
preferentially invade the intermediate-sized pores, with oil present in smaller pores, while gas 
will occupy the larger pores (Helland et al., 2004). 
Third in the air/oil-wet system, the oil is expected to completely drain as indicated by 
Morrow (1975). In strongly oil-wet porous media systems (contact angle range is larger than 
110o) as shown in Figure 99c, gas is the wetting phase relative to water; therefore, gas will 
preferentially invade intermediate size pores, with oil still present in the smaller pores; the water 
will tend to occupy larger pores. Therefore, the wetting order of the three phases depends on the 
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interfacial tensions (Helland et al., 2004). Note that in this research no strongly oil-wet systems 
are involved even for the 75%OTS system. 
  The water films affect the flow and drainage of the phases involved in the system, as the 
water film thickness decreases (with the increase of the percentage of OTS fractional media); 
therefore, it is easier for the oil to replace the water (Morrow, 1975). 
 
 
Figure 99. Illustration of pore occupancies for the three generic cases of wetting 
sequences in three-phase flow. (a) Water-wet case  (b) Weakly oil-wet 
case  (c) Strongly oil-wet case, (Helland et al., 2004). 
 
 
The throat data analysis shows some interesting information about the different phases of 
entrapments in the system. In the water-wet media (Figure 100), water is distributed mainly in 
the smaller throats, while the oil and air are distributed in the larger ones. In the 50% air/oil-wet 
media, the water and oil are distributed approximately in the same-sized throats, and air is 
distributed in the larger throat sizes (Figure 101). In the 75% air/oil-wet system, the air is 
distributed in the intermediate pore throats sizes (Figure 102). The previous results also are 
shown in Figure 103 through Figure 108. Note Figure 109 through Figure 114 are shown the 
blobs distribution of all the three-phase systems. The variations in blob sizes and numbers can be 
shown qualitatively in these figures.  
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Figure 100. Distribution of throat Inscribed radius for the occupation of Water, 
Oil and Air in water-wet media. 
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Figure 101. Distribution of throat Inscribed radius for the occupation of Water, 
Oil and Air in 50% air/oil-wet media. 
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Figure 102. Distribution of throat Inscribed radius for the occupation of Water, 
Oil and Air in 75% air/oil-wet media. 
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Figure 103. Pore inscribed radius-occupying distribution of water in three-phase 
experiments. 
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Figure 104. Pore inscribed radius-occupying distribution of oil in three-phase 
experiments. 
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Figure 105.  Pore inscribed radius-occupying distribution of air in three-phase 
experiments. 
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Figure 106.  Pore inscribed radius occupying distribution of water, oil and air 
UNSATA. 
 
 
 
UNSATB
0
50
100
150
200
250
300
350
400
450
500
0 5 10 15 20 25 30 35 40
Inscribed Radius (micron)
O
cc
ur
en
ce
Air
Oil
Water
 
Figure 107.  Pore inscribed radius distribution of water, oil and air in UNSATB. 
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Figure 108.  Distribution of water, oil and air (a-f) in three-phase experiments. 
 
 
 
 
 
 
 
 
 
 
Figure 109. Water distribution in UNSATA (not all the blobs shown) 
 
 154
 
 
 
 
 
Figure 110. Oil distribution in UNSATA (not all blobs are shown) 
 
 
 
 
 
 
 
 
 
Figure 111. Water distributions in UNSATB (not all the blobs shown) 
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Figure 112. Oil distributions in UNSATB (not all blobs are shown) 
 
 
 
 
 
 
 
Figure 113. Water distributions in UNSATC (not all the blobs shown) 
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Figure 114. Oil distributions in UNSATC (not all blobs are shown) 
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Chapter 5 Conclusions and Recommendations 
5.1 Conclusions  
 
Numerical modeling of water flow in unsaturated porous media requires specification of 
a number of constitutive relations, including the capillary pressure-water content function. Pore-
scale geometry and topology as well as wettability properties can have a major impact on this 
relation. This dissertation research was directed at obtaining high-quality, quantitative capillary 
pressure-water content drainage data for different grain sizes and distributions as well as for 
different fractional wettabilities in cm- and mm-scale columns.  Several of the drainage 
experiments were conducted in the LSU CAMD CMT beamline so that sections of the column 
could be imaged. These images provide a non-destructive view of the water distribution during 
drainage.  
CMT was also used to obtain images showing the irreducible water content in several 
glass bead and sand systems under different fractional wettability conditions.   A similar 
technique was used to image three systems, each at a different fractional wettability, containing 
water, oil, and air under drained conditions. The high-resolution images permitted us to 
characterize the granular packing, the pore network structure (i.e., the pore bodies, throats, and 
connectivity), and the distribution of the fluids (air, water and oil) within the pore space. 
Moreover, this study also explored the correlation between the pore network structure and the 
fluid distribution in different porous media. 
The capillary pressure-water content results obtained for the uniform and well-graded 
sands were consistent with the literature (e.g., Bradford and Leij, 1995; Schroth et al., 1996; 
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Wildenschild et al., 2001 and 2002;  O’Carroll et al., 2005; and Culligan et al., 2006). In all the 
systems tested, the air entry pressure decreased as the % fractional wettability increased. An 
increase in fractional wettability caused the capillary pressure-water content curve for the 
uniform sands to become steeper and the irreducible water content to increase, while the curve 
became flatter for the well-graded sand and the irreducible water content to decrease.  
Comparison of the drainage curves obtained from large column (LC) and tomography 
column (TC) experiments showed that the mm-scale tomography columns can be used for the 0 
and 25% fractional-wet systems. It appears that when the fractional wettability is increased to 
50%, the tomography columns do not provide a sufficiently large cross-section to allow for the 
irregular flow paths that occur in these systems.   
When combined with the capillary pressure head values, water contents obtained from 
CMT images obtained during drainage very closely matched those obtained in the large and 
tomography column experiments. These images provide valuable insight into the pore-scale flow 
paths.  
The CMT images of the multiphase, fractionally-wet systems provided high-quality µm-
scale data. The granular packing algorithms were able to capture the grain size distributions of 
both glass beads and sands as well as the difference in aspect ratio and grain coordination 
numbers. The pore network structure results could be correlated to the media type and packing.  
The most important results from these experiments concerned the ability to distinguish and 
quantify the individual, capillary-trapped water blobs. In all the hydrophilic systems, the wetting 
phase (water) was primarily found as pendular rings, bridges, and trapped as blobs in single, 
small pores.  As the fractional wettability increased, the water connectivity during drainage 
decreases resulting in the trapping of larger, disconnected water blobs.  Some of these blobs 
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occupy the larger pore spaces and extend through multiple pore bodies. This results in lower air-
water specific surface areas and will probably have an impact on the air-phase permeability 
values.  These trends were also found in the three-phase systems.   
In the three-phase system, the oil phase occupied mostly intermediate-size pores in the 
hydrophilic system while in the fractionally-wet system, the oil phase occupied a fraction of the 
smaller pores.  In all of the three-phase systems, the average volume and the average surface area 
for the oil blobs were much larger than the water blobs in this system. The results agreed with 
the findings of other researchers (Morrow, 1975 and Helland et al., 2004).  
1D flow modeling demonstrated how an increase in the fractional wettability (reflected in 
the capillary pressure-water content relations) can result in faster dynamic drainage. Gladkikh et 
al. (2006) indicated that both capillary pressure and relative permeability strongly depend on the 
wettability of the system.  
5.2 Recommendations 
 
This work should be extended to include at least one imbibition path and, if possible, 
multiple scanning loops.  At least a portion of these experiments should be done in a CMT 
beamline in such a way that high-quality images can be collected and analyzed to obtain the 
granular packing, pore network structure, and fluid phase distributions during both drainage and 
imbibition.  
The irreducible water content experiments should be conducted using fractionally-wet 
sand.  While useful for validating conceptual and simple pore network models, results from glass 
bead systems are limited. More work is needed to explore the effect of initial water/oil content 
on the residual oil content/irreducible water concentration in different fractional wettability 
systems and sand gradations. 
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 One-dimensional, long-column drainage experiments should be performed where the water 
content and pressure are measured at various depths and times.  These experimental results can 
be compared to the Richards’ equation modeling work done here to validate the applicability of 
using capillary pressure-water content relations to incorporate changes in system wettability in 
numerical models. 
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